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ABSTRACT
Rising coastal populations in Europe and the rest of the World together with the continuing growth 
in recreational water activities increase the level of hazard within some of these communities, and 
therefore potential risk to bathers. High levels of concern have lead to attempts to address more 
successfully the actual risks posed by the discharge of pathogens into the marine environment.
The potential of certain bacteria and bacteriophage groups to act as indicators of enterovirus within 
sewage treatment plant and following discharge into the marine environment was assessed over 
28 months. Comparative analyses were carried out against enterovirus on a real-time basis with 
six indicator species sampled at two long sea outfalls on the South coast. Five hundred seawater 
and 70 wastewater samples were taken on 35 separate sampling trips, and the movement of waste­
water discharge plumes mapped using drogues under widely varying environmental conditions.
Results identified no significant relationships between bacteria, bacteriophage populations, or 
enterovirus after discharge to the environment and question the ability of any single organism to 
act as a universal indicator of enterovirus. Unexpectedly low numbers of virus were detected at 
sea, based on known ratios in wastewater. Works efiluent sampling did highlight some relation­
ships between the six indicating organisms and enterovirus, but all phage indicator groups 
displayed significant shortcomings, invalidating them as indicators. The adoption of phage 
standards, therefore, is unlikely to provide any significant benefit to risk management or public 
health protection
Utilising the environmental data, an alternative approach to risk assessment was developed which 
utilises real time environmental information to predict the future condition of bathing waters 
allowing significant improvements in predictive accuracy on a stand-alone basis to be made on 
impending pollution incidents. Preliminary testing of the model shows that predicted indicator 
numbers closely match the results of this study.
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1.0: BACKGROUND
This study was undertaken within the three mile limit of coastal waters adjacent to the 
district of Arun, West Sussex, which lies south of the South Downs, between the major 
centres of Portsmouth and Brighton (Appendix 1). Arun District contains the two large 
seaside resort towns of Bognor Regis and Littlehampton and each year more than half a 
million visitors are attracted here. Many converge on the bathing beaches, yet at the same 
time 41,000 mVday of wastewater and industrial effluent is discharged from a mainly urban 
population of 132,000 directly to the marine environment which encompasses those same 
beaches (Wallingford, 1998). This apparent conflict of interests is repeated throughout 
many coastal regions of the world leading to a position where the most popular places to 
bathe and practice a wide variety of water related activities are also an area where risk is 
increased due to that same level of popularity (Rees et a l, 2000).
The range of activities, apart from bathing, carried out in the District of Arun such as 
surfing, scuba diving and angling, are no different from most seaside resorts, but are of 
major financial importance to Arun District (Warburton, 2000).
Identifying the historical level of risk to which these or any other recreational water users 
(bathers) were exposed is not difficult (Kay et a l, 1994; Fleisher et a l, 1996). The 
provision, however, of a predictive capability to enhance the present ‘standards based’ 
system’s protection level has led to considerable effort being expended in the development 
of a priori (cause and effect) and expert control systems (Jemmer et a l, 1999). At present, 
coastal authorities are heavily reliant on the implementation of the European Bathing Water 
Directive 76/160/EEC (EEC, 1976). This was originally designed in 1976 to protect and 
improve bathing water quality, and to this end lays down quality standards, similar to its 
proposed 1994 successor (Anon, 1994) and prescribes a surveillance regime and obliges 
Member States to take the necessary measures to ensure compliance.
The Directive has resulted in the improvement of bathing water quality at many European 
resorts. However, as a legislative instrument, it is old and therefore is unable to take into 
account any scientific progress made and changes of approach to hazard analysis/ predic­
tive risk assessment currently finding favour in the bathing water debate (EUR17801 EN, 
1997).
This is not to say that the range of bacterial parameters currently being used in the Directive 
is not expected to be of use in future predictive models. In fact it was concluded in the 
European Commission 1997 Report (Kay & Ramaekers, 1997) that the 1976 Directive, 
although falling short in many areas, does provide some degree of protection to the bather 
and therefore should not be discarded. It was also underlined that an a priori model should 
complement the compliance system, but not replace it. This is because the quality of infor­
mation currently available that can be reliably made to fit a useful a priori model is inade­
quate to provide any basis for a legal framework in the short and medium term. This 
therefore leads to the need for an update of current legislation in the form of an amendment 
to the present standards, plus the use of simple, cost effective models.
Two main technical difficulties need to be overcome if the present Directive is to continue 
to provide public health protection. The first relates to the isolation of those organisms 
actually responsible for waterborne infection. Pathogens are notoriously difficult to isolate 
for a number of reasons (WHO, 1998) and as such water quality standards have tradition­
ally used a range of indicator organisms to protect public health. Whilst this concept is uni­
versally accepted for monitoring the presence of wastewater pollution, no evidence of a 
strong correlation exists between the concentration of bacterial indicator groups and enteric 
pathogens (Kay et a l, 1994). Consequently, while epidemiolology has confirmed that 
certain water related activities affect the prevalence rates of certain infectious disease, 
questions remain over the ability of current standards to protect public health.
The second weakness of the Directive is its failure to allow bathers to make decisions on 
potential levels of pollution before they enter the water. Instead, any assessment of risk will 
rely on the interpretation of previous trends in water quality (Hernandez et a l, 1995). While 
such a strategy may allow decision-makers to pinpoint useful trends, the need to develop a 
more predictive system has been recognised by groups such as the Standards, 
Measurements and Testing Programme of the European Commission (EUR17801 EN, 
1997) and widely debated. However, field studies to determine the practicability of such an 
approach have not yet been undertaken. In effect, the question that needs to be asked is:
Is significant risk reduction possible using new indicator systems and/or modelling tech­
niques whilst at least maintaining present cost/benefit ratios ?
All that is seemingly required, therefore, is to test the correlation between certain phage 
groups and some traditional indicators and the expected numbers of enterovirus together 
with a selection of various chemical parameters discharged into the marine environment, 
and construct a model based on those possessing high correlative significances. If this 
proves impossible because of the unsuitability of one or more phage groups then a model 
can be constructed using one or more of the traditional indicators available.
On first examination the design of a simple to use cost effective universal model seems to 
present as many difficulties as there are differing bathing beach types. Approaches such as 
vulnerability profiling suggested by the French Government and/or WHO/USEPA method­
ology in the form of a combined "sanitary survey" and microbiological assessment (Conlan, 
1999) show the vast amount of data that is accumulated in studies of this sort with no 
seemingly clear idea about their classification, significance or relative value in the con­
struction of a useful model; that is to say, a model that reduces the risk to bathers by 
allowing them to make decisions based on a worthwhile degree of predictive ability.
What is therefore required is a fundamental reappraisal of the factors that are responsible 
for risk. By doing this it may become possible to clear the way for creation of effective risk 
modelling.
2.0; OBJECTIVES AND AIMS 
Objectives
• The study objective is to design and construct a predictive model that will be valid and 
translatable to beach environments.
Aims
This sampling programme is designed to:
• Test the validity of the chosen indicators to act as markers for enterovirus groups within 
wastewater treatment works and the marine environment.
• Determine the presence of any inter-relationships between the seven microbiological 
groups studied.
• Test the suitability of using bacteriophages as indicators of wastewater pollution in real­
time and under widely varying environmental conditions.
• Map the movement and concentration of wastewater effluent discharged to receiving 
waters via long sea outfall.
• Examine the influence of environmental factors on the recovery of indicator and 
pathogen groups from seawater.
• Using assembled data, develop a predictive model.
3.0; WASTEWATER POLLUTION
Wastewater pollution includes biodegradable organics, volatile organic compounds, recal­
citrant organics, toxic metals, suspended solids, nutrients (nitrogen and phosphorus), 
microbial pathogens and parasites.
Domestic effluent is a combination of human and animal excreta and grey water resulting 
from washing, bathing and cooking. People excrete 100-500g wet weight of faeces and 1 
-1.3 litre of urine per capita per day. Each person contributes 15-20g B0D5/day (Feachem 
et a l, 1983; Gotaas, 1956; Sterrit and Lester, 1988). Other characteristics of human faeces 
and urine are displayed in Table 1.
Wastewater which is discharged into marine waters is a major contributor to the microbial 
content of recreational waters (Godffee, 1997) along with rivers contaminated by waste­
water effluent. Microbiological examination of coastal waters near sewage outfalls shows 
the presence of pathogenic bacteria such as Salmonella sp. and Vibrio cholerae (Grimes et 
al, 1984; Moringo et al, 1992a) amongst others (Table 2).
Table 1: Composition of human faeces and urine
Component Faeces Urine
Quantity(wet) per person per day 100 - 400g 1.0 - 1.3 litre
Quantity(dry solids) per person per day 30 - 60g 50 - 70g
Moisture content 70% - 85% 93% - 96%
Approximate composition 
(percent dry weight) organic matter 88% - 97% 65% - 85%
Nitrogen (N) 5.0 - 7.0 15-19
Phosphorus (as P2O5 ) 3.0 - 5.4 2.5 - 5.0
Potassium (as K^O) 1.0-2.5 3.0 - 4.5
Carbon (C ) 44-55 11 - 17
Calcium (as CaO) 4.5 4.5 - 6.0
C/N ratio 6- 10 1
B0D5 content per person per day 15 - 20g lOg
Sources: (Conlan, 1999)
Table 2: Major pathogens in wastewater and diseases associated with them
Viruses & bacteria Major disease Major
reservoir
Nos. per litre 
(raw sewage)
Salmonella typhi Typhoid fever Human faeces 20-80,000
Salmonella paratyphi Paratyphoid fever Human faeces 20-80,000
Shigella Bacillary dysentery Human faeces 10-10,000
Vibrio cholerae Cholera Human faeces ?
Enteropathogenic E. coli Gastro-enteritis Human faeces 107-108
Norwalk viruses Gastro-enteritis Human faeces 1-10,000
Rotaviruses Diarrhoea, vomiting Human faeces 4000-850,000
Opportunistic bacteria Variable Natural waters ?
Sources; (Conlan, 1999)
3.1: Infectious diseases associated with recreational water and their risk potential
The microbiological hazards in water based recreation include viral, bacterial and protozoan 
pathogens. However the determination of risk from these pathogens to the individual bather 
in bather studies is notoriously difficult to determine (Esray et al, 1995). This is frequently 
due to lack of rigour in control group choice, quantifying bather risk, and failure to control 
for the substantial amount of spatial and temporal variation in indicator organism densities 
shown to occur within just a few hours at marine water bathing locations (Fleisher et al, 
1996; Prüss, 1996). What constitutes an LD50 depends on the specific pathogen, the form in 
which it is encountered, the conditions of exposure and the host’s susceptibility and immune 
status. For viral illness, this dose may be very few infectious units (Fewtrell et al, 1993; 
Okhuysen et al, 1999).
Whilst some research (lEH, 2000) has questioned the actual risk level that faecal contami­
nation of coastal waters can present to bathers, it is widely recognised that risk to public 
health exists (Table 3). Primary concern has usually directed towards gastro-intestinal 
illnesses acquired from recreational waters (Rees et a l, 2000), adverse health effects 
(gastro-enteritis) being identified when faecal streptococci levels exceeded 32 per 100ml 
(Kay et a l, 1994). Interestingly no other microbiological indicator at sampling depth in this 
study showed a significant correlation to gastro-enteritis. The biological basis of Professor 
Kay et. al. findings is unknown and there was no suggestion that faecal streptococci was the 
aetiological agent involved. However there is a logical presumption that whatever causes 
gastro-enteritis is indicated by the presence of faecal streptococci and the type of upper gas­
trointestinal symptoms that were in relative prominence during the study frequently pre­
dominate in outbreaks of viral gastro-enteritis. Outbreaks of acute gastrointestinal infec­
tions with an unknown aetiology are common. Although the cause is often unknown, 
infection with viruses associated with faecal contamination such as Norwalk virus and ade­
novirus 3 are sufficiently close in symptom type to be likely candidates (Baron et a l, 1982).
Very few studies, other than those associated with outbreaks have been conducted to 
determine the aetiological agents related to bathing activity illness. Research carried out by 
Gammie (1997) has identified a correlation between surfers’ wet suit immersion for 
prolonged periods and the hepatitis A virus.
Although acute febrile respiratory illness and infections of the eye, ear, nose and throat have 
all been identified as acquired through bathing, the link between recreational water use and 
the more severe infections such as meningitis, hepatitis A, typhoid fever and poliomyelitis 
is difficult to determine unequivocally.
Severe health outcomes may occur among recreational water users bathing in grossly 
sewage-polluted water who are short term visitors from regions with low endemic disease 
incidence (WHO, 1998).
Outbreak reports have noted areas of diverse health outcomes (e.g. gastrointestinal 
symptoms, typhoid fever, meningo-encephalitis) with exposure to recreational water and in 
some instances have identified the specific aetiological agents responsible (Prüss, 1998).
Outbreaks caused by Norwalk-like viruses and adenovirus 3 are relevant in that the sources 
of pathogens are external to the beaches that are being used, and their associated faecal con­
tamination. However, high bather density has been suggested to account for high 
enterovirus numbers on a Hawaiian beach (Reynolds et a l, 1998).
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Table 3; Outbreaks associated with recreational waters in the USA, 1985-1994
Aetiological Agent Number of Cases Number of Outbreaks
Shigella 935 13
Giardia 65 4
Enteropathogenic E. coli 166 1
Norwalk virus 41 1
Adenovirus 3 595 1
Leptospira spp. 14 2
Opportunistic bacteria 965 11
Sources: (Conlan, 1999)
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3.2: Water Quality Standards
The Urban Waste Water Treatment Directive (EEC, 1991) sets out treatment requirements 
based on population equivalencies and receiving water type. These require, for example, 
that a waste water treatment works with a secondary level of treatment is required for a pop­
ulation equivalency of 150 000 or more.
Unfortunately, the poor quality of the drafting within the Directive has allowed the respon­
sible water companies freedom of interpretation to selectively apply the law, and save con­
siderably on capital costs until such time as they were discovered by the regulating body. 
Article 4 Part 4 of the Directive had allowed the installation of just primary treatment works 
since the phrase "maximum average" with regard to population equivalencies has no precise 
and accurate definition in Science or in Law.
Conscious of the effects of discharging wastewater to receiving waters, authorities world­
wide have proposed a range of bathing water quality standards. For Arun, and the rest of 
Europe, protection is provided by the European Bathing Water Directive (EEC, 1976) 
which specifically addresses the issues of public health and coastal pollution. The Directive 
requires that Member States designate bathing beaches whose water quality should not 
deteriorate below mandatory microbiological and physiochemical standards for a part 
yearly period, known as the 'bathing season'. Samples are collected from bathing waters at 
chest depth 10 cm below the surface, fortnightly during the bathing season. In Britain this 
officially extends from May until the end of September. Compliance requires bathing 
waters to meet the standards set out in Table 4. Responsibility for compliance rests with 
the Member States who are obliged to identify and control those sources of pollution 
responsible for failures. Five bathing beaches have been designated along the coast of Arun 
District. Figure 1 shows their rate of compliance with Bathing Water Regulations over the 
past three to five years.
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Table 4; Council Directive concerning the quality of bathing water (76/160/EEC) 
quality requirements for European Bathing Waters
Paiameter Guideline
value
Imperative
value
Minimum
sampling
frequency
Method o f
analysis and inspection
Total
coliforms/1 0 0 ml
500 1 0  0 0 0 Fortnightly (1) Fermentation in multiple tubes. 
Subculturing o f  the positive tubes 
on a confirmation medium. Count 
according to MPN (most probable 
number) or membrane filtration 
and culture on an appropriate 
medium such as Tergitol lactose 
agar, endo-agar, 0.4% Teepol 
broth, subculturing and identifica­
tion o f the suspect colonies. In 
the case o f 1  and 2 , the incubation 
temperature is variable according 
to whether total or faecal 
coliforms are being investigated.
Faecal
coliforms/1 0 0 ml
1 0 0 2  0 0 0 Fortnightly (1)
Faecal
streptococci
/ 1 0 0 ml
1 0 0 (2 ) Litsky method. Count according 
to MPN (most probable number) 
or filtration on membrane. 
Culture on an appropriate 
medium.
Enterovirus 
/lO litres
0 (2 ) Concentration by membrane fil­
tration. Inoculation on a standard 
medium. Tissue culture. 
Enrichment - subculturing on 
isolating agar - identification
Salmonella
/litre
0 (2 ) Concentrating by filtration 
flocculation or centrifuging 
and confirmation
(Cont 'd over... )
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Table 4: (continued)
Parameter Guideline
value
Imperative
value
Minimum
sampling
frequency
Method of
analysis and inspection
pH - 6-9 (0) (2 ) Electrometry with calibration at 
pH 7 and 9.
Colour No abnormal 
change in 
colour (0 )
Fortnightly Visual inspection or photometry 
with standards on the Pt. Co 
scale.
Mineral oils 
mg/litre
_0.3 No film 
visible on 
the surface of 
the water and 
no odour
Fortnightly
( 1 ) ( 2 )
Visual and olfactory inspection 
or extraction using an adequate 
volume and weighing the dry 
residue.
Surface-active 
substances 
reacting with 
methylene blue 
mg/1 (Lauryl 
sulphate)
_0.3 No lasting 
foam
Fortnightly
( 1 ) ( 2 )
Visual inspection or absorption 
spectro-photometry with 
methylene blue.
Phenols mg/1 
(phenol indices) 
CgHgOH
_ 0.005 No specific
odour
_0.05
Fortnightly
( 1 ) ( 2 )
Verification of the absence of 
specific odour due to phenol or 
absorption spectro-photometry 
4-aminoantipyrine (4 A.A.P.) 
method.
Transparency 2 1 (0 ) Fortnightly (1) Secchi's disc.
Dissolved oxygen 
% saturation O2
80 to 1 2 0 (2 ) Winkler's method or 
electrometric method 
(oxygen meter).
Tarry residues 
and floating 
materials such as 
wood, plastic 
articles, bottles, 
containers of glass, 
plastic, rubber or 
any other substance 
Waste or splinters
Absence Fortnightly (1) Visual inspection.
Ammonia 
mg/litre NH4
(3) Absorption spectrophotometry, 
Nessler's metiiod, or indophenol 
blue method.
Nitrogen Kjeldahl 
mg/litre N
(3) Kjeldahl method, flocculation or 
centrifuging and confirmation
(ConVd over... )
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Table 4: (continued)
Parameter Guideline
value
Imperative
value
Minimum
sampling
frequency
Method of
analysis and inspection
Pesticides mg/litre 
(parathion, HCH, 
dieldiin)
- - (2 ) Extraction with appropriate 
solvents and chromatographic 
determination.
Heavy metals such 
as: arsenic mg/litre 
As cadmium Cd 
chrome VI Cr VI 
leadPb 
mercury Hg
(2 ) Atomic absorption possibly 
preceded by extraction.
Cyanides mg/htre 
Cn
- - (2 ) Absorption spectrophotometry 
using a specific reagent.
Nitrates mg/litre 
NOgand 
phosphates PO4
(2 ) Absorption spectrophotometry 
using a specific reagent.
G = guide, I = mandatory (Cont’d over... )
(0) Provision exists for exceeding the limits in the event o f exceptional geographical or 
meteorological conditions.
(1) When a sampling taken in previous years produced results which are appreciably better 
than those in this Annex and when no new factor likely to lower the quality ofthe water has 
appeared, the competent authorities may reduce the sampling frequency by a factor o f 2.
(2) Concentration to be checked by the competent authorities when an inspection in the 
bathing area shows that the substance may be present or that the quality o f the water 
has deteriorated.
(2) These parameters must be checked by the competent authorities when there is a 
tendency towards eutrophication o f the water.
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3.3: Factors affecting the survival of enteric pathogens and indicator organisms in 
the marine environment
It is well known that the ratios of enteric virus to those of standard indicator organisms may 
vary extensively in faeces and raw wastewater, partially treated waste water, sewage 
polluted waters and treated waters (Berg & Metcalf, 1978; Committee Report, 1979; 
Donnison & Ross, 1995; Gerba et a l, 1979; Grabow, 1968; Hartemarm et a l, 1981; 
Melnick et a l, 1978; Melnick & Rermick, 1980). This is largely due to the variation in the 
numbers of virus and indicators excreted in faeces, differences in resistance to unfavourable 
environmental conditions, indicators that can multiply under certain conditions in water, 
when viruses caimot, and clumping or adsorption on to substances in water resulting in dif­
ferential protection or in toxic effects. (Berg & Metcalf, 1978; Grabow, 1968; Grabow et 
al, 1980; Melnick & Rermick, 1980; Shuval, 1977).
Certain phage types, because of their reputedly sound properties as indicators of wastewater 
contamination may be suitable for modelling purposes (Borrego et a l, 1983, 1987; 
Debartolomeis & Cabelli, 1991; Havelaar et a l, 1990; Havelaar & Jofre, 1997; O' Keefe & 
Green, 1989; Nasser e/a/., 1993; Yahya& Yanko, 1992). These properties crucially include 
a reduction in the time taken to present the results of analysis to the public from at least four 
days (for bacterial analysis) to less than 24 hours, seem to offer a priori modellers a chance 
to develop a practical model for the bather. This will determine levels of infectious agents 
such as human enterovirus levels in the marine environment. Further, the ease of applica­
tion and cheapness of the new techniques will, it is argued (Humphrey et a l, 1995) make 
this methodology available to anybody that is able to ensure the quality of the relatively 
simple enumerative techniques. This falls into line with the House of Lords Select 
Committees’ (HMSO 1994) requirement for testing bathing waters.
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Despite the widespread use of indicators in marine recreational waters there remains no 
absolute correlation between the numbers of indicator organisms and the actual presence or 
numbers of enteric virus and other pathogens in the marine environment (Morris, 1981). 
This is because the ideal indicator does not represent disease risk with regard to specific 
pathogens, but rather the large varieties of pathogens that are likely to be present (Wheeler, 
1990). The occurrence of indicator organisms in the absence of pathogens must be the 
necessary consequence of the increased sensitivity of an indicator system in comparison 
with direct pathogen estimation, but the occurrence of pathogens in the absence of indica­
tors is a clear demonstration of the invalidity of the indicator system in the prevailing cir­
cumstances.
Other factors are the problems associated with indicator organisms that are viable but non- 
culturable under certain conditions (Huai-Shu et a l, 1982). The presumption that plate 
counts of indicator bacteria are directly related to numbers of viable indicator organisms in 
the aquatic environment is one that has been shown to be, at best, somewhat unreliable as 
evidenced by apparent rapid die off of Escherichia coli (JE. coli) as recorded by some inves­
tigators, (Bireley & Buck, 1975; McFeters & Stuart, 1972; Mitchell, 1968) and prolonged 
survival and/or growth conditions that have been described by others (Andre, et al, 1967; 
Baross et al, 1975; LaLiberte & Grimes, 1982)
3.3.1: Temperature
Temperature is a decisive factor controlling the survival of pathogenic micro-organisms in 
seawater. Die-off rates of wastewater micro-organisms increase at higher temperatures (El 
Sharkawi et a l, 1989). Decay rates of E. coli and enterococci in diffusion chambers were 
significantly related to temperature in the 0 -  20° C range, although enterococci had 
generally higher survival times (Lessard & Sieburth, 1983). Won & Ross (1973) also show 
that the survival of an enterovirus (echovirus 6) in sea water is much lower at 22°C than at
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3° -  5°C. Biziagos and co-workers (1988) showed a similar increase in survival times for 
Polio Virus-1 and Hepatitis A virus, albeit in mineral water.
Wait & Sobsey (2001) showed that E.coli, Salmonella typhi and polio virus type 1 are all 
more persistent in water of lower temperature. Berry & Norton (1975) showed that the 
inactivation of T2 phage (ATCC 11303-B2) was primarily temperature dependent in natural 
waters and under laboratory conditions. Early studies into the relationship between bacte­
riophage and enteric virus within wastewater were carried out by Vaughn and Metcalf 
(1975). In this case, widespread monitoring of sewage effluent revealed that most enteric 
viruses were observed in samples exhibiting no phage activity. The authors therefore 
concluded that phage were unsuitable as indicators of enterovirus in polluted waters. 
Contrary to these findings Stetler (1984) suggested that concentrations of phage and 
enterovirus fluctuated together, and both were removed at similar rates, whilst Geldenhuys 
and Pretorius (1989) showed that inactivation rates of both enteric virus and coliphages 
were inversely related to temperature.
3.3.2: Solar radiation
Solar radiation also plays a crucial role in the reduction of numbers of indicator organisms 
and pathogenic bacteria in marine waters (Berry & Norton, 1975; Chamberlin & Mitchell, 
1978; El Sharkawi et a l, 1989; Fujioka et a l, 1981; Gameson & Gould, 1975; 
Kapuschinski & Mitchell, 1982).
McCambridge & McMeekin (1981) showed that solar radiation has a detrimental effect on 
the survival of E, coli in seawater. Moreover, E. coli was more sensitive to sunlight than 
Salmonella typhimurium. Bellair and co-workers (1977) in an investigation into the signif­
icance of diurnal variations in recoverable numbers of faecal coliforms in temperate waters, 
found that T90 values for samples taken on the surface at night were 40 hours and for
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samples taken during the day 1.9 hours. However, the experiment does not record if the 
night-time samples were kept in realistic photoperiodical conditions.
3.3.3: Turbidity
Certain organic osmolytes in sea water such as glycine-betaine that have been found in 
marine sediments (King, 1988) may actually protect enteric bacteria from osmotic stress 
following discharge into the marine environment (Munro et a l, 1989). Bacteria and viruses 
survive for longer periods in conditions of high marine turbidity with particulate matter 
such as clay providing the organism with protection from environmental factors (Bitton & 
Mitchell, 1974 a, b; Gerber & Schaiberger, 1975).
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4.0; INDICATOR ORGANISMS 
4.1; Background
The risk of exposure to pathogens in recreational waters has been well documented in the 
literature (WHO, 1998) and risk managers have taken up and used this information. It is 
very difficult, however, to detect pathogens (especially viral pathogens) in water samples 
obtained from bathing beaches (Conlan, 1999). Therefore the use of a harmless organism 
that signals the presence of pathogens in faecal material has been promoted by biologists 
such as Escherich since the beginning of the twentieth century (WHO, 1998).
The indicator concept has been used successfully for a long time. The faecal bacteria most 
commonly used today are thermotolerant coliforms, E. coli and enterococci or faecal strep­
tococci which are described in detail later in this chapter (4.2). As such, a choice of indi­
cators for this study was made based on the extent of current research.
As potential indicators of viral pathogens in wastewater, organisms should ideally possess 
the following characteristics (Cabelli, 1976):
be consistently present as part of the intestinal microflora and within wastewater effiuent 
should be absent or only found in low concentrations in sources other than wastewater 
be non-pathogenic
their absence should imply the absence of enteric viral pathogens
indicator organism density should be related to the probability of the presence of virus
the organism should exhibit a higher resistance to marine waters than viruses
any appropriate indicator organism should be detectable by means of easy rapid and
inexpensive methods of isolation
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• ideally their concentration should closely correlate to the potential health hazard 
resulting from recreational water use
• Bonde (1966), Scarpino (1971), Dukta (1973) and Barrow (1981) additionally record 
that potential indicators should be unable to multiply in aquatic environments.
4.2; Indicator organisms used in this study
In order to fulfil the project objectives, six groups of micro-organism were investigated as 
potential indicators. These included three classical bacterial indicators:
• Total coliforms
• Escherichia coli
• Faecal streptococci 
Three bacteriophages:
• Somatic salmonella (SS) (NCTC 12485) phage
• Male specific F(+) (NCTC 12484) phage attacking a Salmonella typhimurium host
• Somatic coliphage (ATCC 13706, NCIMB 12416)
4.2.1; Total coliforms
The total coliforms group includes the aerobic and facultative anaerobic. Gram negative, 
non spore forming, rod shaped bacteria that ferment lactose with gas production within 48 
hours at 35°C (APHA, 1995). This group includes E. coli and they are discharged in high 
numbers (2 x 10^  per day per capita) in human and animal faeces. However, not all of them 
are of faecal origin.
Total coliforms are useful for determining plant treatment efficiency for sewage effiuent. 
This group has been found useful for assessing the safety of reclaimed wastewater in the 
Windhoek reclamation plant in Namibia (Grabow, 1990). The total coliform index remains
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the most widely used microbiological parameter within water quality standards but specific 
criticisms have been levelled at the group (Hernandez et a l, 1995) due to:
• regrowth in certain conditions
• high inactivation rates in the marine environment
• lack of correlation between total coliform and pathogen numbers
• lack of epidemiological evidence to link total coliform numbers with a risk to 
public health
• the presence of viable but non-culturable and naturally occurring populations in the 
marine environment.
However, studies carried out by Prieto et al, (2001) on bathers going to four Santander 
beaches, determined that total coliforms were the best indicators for the respiratory, ear, 
nose and eye symptoms measured, where risk increase was demonstrated when counts of 
2500-9999 total coliforms per 100 ml were measured.
Several factors influence the recovery of coliforms, among them the type of growth 
medium, the diluent and membrane filter used, the presence of non-coliforms, sample 
turbidity, water temperature, solar radiation. They may also regrow in water and waste­
water under appropriate conditions. Several methodological modifications have been 
proposed to improve the recovery of these indicators, particularly injured faecal coliforms 
(Eriksen & Dufour, 1986).
4.2.2; Escherichia coli
From the family Enterobacteriaceae, E. coli is the only coliform type to be exclusively 
faecal in origin representing up to 95% of the Enterobacteriaceae found in faeces. They are
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defined by the ability to produce gas when grown in EC broth at 44.5°C, or produce blue 
colonies when grown in m-FC agar at 44.5°C.
(Fleisher et a l, 1996) recorded that in UK bather studies that faecal coliform is predictive 
of ear ailments. Conversely, (Leclerc et a l, 2001) has revealed the current method of 
detection of the thermotrophic and faecal species Escherichia coli will result in the isolation 
of thermotrophic organisms that have been demonstrated to be of environmental, rather than 
enteric origin.
4.2.3: Faecal streptococci
Commonly inhabiting the intestinal tracts of humans and warm blooded animals, this group 
which comprises. Streptococcus faecalis, St. bovis, S. equinus, and S. avium are used to 
detect faecal contamination in water. They are Gram-positive cocci occurring in chains of 
various lengths. They are both non-sporulating and non-motile and grow in the presence of 
bile salts at 44°C.
Members of this group persist well but do not reproduce in the marine environment. The 
faecal coliform to faecal streptococci ratio (FC/FS) had been suggested to serve as an 
indicator of the origin of pollution of surface waters. A ratio of four or more indicates con­
tamination of human origin, whereas a ratio below 0.7 is indicative of animal pollution 
(Geldreich & Kenner, 1969). This ratio is only valid for recent (24 hours) faecal pollution. 
However, some investigators have questioned the usefulness of this ratio (Fourcher et a l, 
1991). The ability of faecal streptococci to tolerate marine environments has been widely 
investigated and some research has suggested that not only do they persist for longer 
periods in seawater than other bacterial indicators, but that they possess a similar die-off 
rate to enterovirus (Fattal, 1983). (Fleisher et al, 1996) records that in UK bather studies 
that faecal streptococci were predictive of acute febrile respiratory illness.
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All these factors combine to make this bacterial group one of the most popular candidates 
for faecal contamination indication in recreational waters, hence its inclusion in this study.
4.2.4: Bacteriophage
Bacteriophage are a category of virus that infect and destroy bacterial cells. The infectious 
cycle begins when the phage makes contact with the host target cell and binds to it. The 
DNA contents of the bacteriophage are then injected to the bacterium, causing the cell to 
initiate replication. Enzymes produced by the bacteriophage digest the host cell wall, which 
then bursts to release a new infectious generation (Gleeson et a l, 1997).
As they are viruses and can be isolated cheaply with ease and speed, it has highlighted the 
potential of this group as indicators of enteric virus within the environment (Dutka et a l, 
1987). It is hoped that the three phage types used in this study represent not only a more 
accurate model of virus survival (Callahan et a l, 1995; Lewis, 1995) than the current 
standard indicators but also, because of their suitability with quick, cheap, accurate, easily 
applied, reproducibility - most of the desired factors needed for a good indicator - they may 
also be more indicative of risk to public health. (Borrego et al, 1987; Humphrey et a l, 
1995; Havelaar & Joffe, 1997).
4.2.4.1: Somatic coliphage
The group referred to as somatic coliphages typically infect and replicate in coliform 
bacteria. The term somatic refers to the method of entry onto the host, which occurs via 
receptors on the bacterial cell wall (HMSO, 1994). The nature of these cell wall receptor 
sites play a significant part in the efficiency and selectivity of the isolation procedure. In 
an attempt to ensure research comparability, the type strain ATCC 13706 of E. co li  C has
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become the de facto standard in respect of host, and as such has been employed within this 
study (Stetler, 1984).
E. coli phage were initially proposed as appropriate faecal indicators because of their 
constant presence in wastewater effluents and polluted waters (Vaughn & Metcalf, 1975). 
In addition, the group has been proposed as a suitable indicator of enteric virus due to its 
similar nature and survival characteristics in the aquatic environment (Grabow, 1986; 
Havelaar & Joffe, 1997). In an activated sludge system, coliphages that formed plaques 
greater than 3mm were significantly correlated with numbers of enteroviruses (Funderberg 
& Sorber, 1985).
4.2.4.2: F- specific RNA bacteriophage
These organisms are bacterial viruses which infect their host cell via primary adsorption to 
F- (or sex) pili, hence the name ‘F-specific’. The use of these phage is widespread as sur­
rogates for human enteric virus, often in the determination of plant efficiency, especially 
continuous microfiltration (CMF) systems and in freshwater environments (Lee et a l, 
1997), and has been proposed as an indicator in the marine environment (Havelaar et a l, 
1984 & 1988; Grabow et al, 1984 & 1989; Tree et a l, 1997).
4.2.4.3: Salmonella somatic (SS) phage
Salmonella typhimurium SS phage differs from the F- specific by directly penetrating the 
host cell wall. SS phage has been proposed as a good indicator of enteric viruses due to its 
greater persistence in seawater than either coliphages or enteric viruses (Callahan et a l, 
1995y
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4.2.5: Enterovirus
Viruses are ultramicroscopic intracellular parasites, incapable of replication outside a host 
organism. They consist of a nucleic acid genome enclosed in a protective protein coat. 
Large numbers of pathogenic viruses are potentially present in marine recreational 'waters 
and some of these are shown in Table 5. The enterovirus group includes 72 of the 120 virus 
types known to be present in domestic waste water and is associated with a range of water­
borne infection. Numerous studies have demonstrated that densities of enterovirus vary 
widely but tend to be low, and therefore techniques for their enumeration from environ­
mental samples require concentration from large volumes of water. The enteric virus that 
were looked for by PHLS Reading in this study were; Small round structure virus, Norwalk 
virus, Adenovirus, Coxsackievirus A, B, Rotavirus and Enterovirus 68-71.
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Table 5; Human viruses (including enterovirus) present in recreational waters
Virus Group Infection and disease symptoms in Humans
Poliovirus Paralysis, meningitis, fever.
Echovims Meningitis, respiratory disease, rash, fever, 
gastro-enteritis
Coxsackievirus A Herpangina, respiratory disease, meningitis, fever.
Coxsackievirus B Myocarditis, rash, fever, meningitis, 
respiratory disease, pleurodynia.
Enterovirus types 68-71 Meningitis, encephalitis, respiratory disease, rash, 
acute haemorrhagic conjunctivitis, fever.
Enterovirus 72 Infectious hepatitis.
Norwalk virus Epidemic vomiting and diarrhoea, fever.
Rotavirus Gastro-enteritis, diarrhoea.
Adenovirus Respiratory disease, conjunctivitis, gastro-enteritis.
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5.0: STUDY LOCATION AND OCEANOGRAPHIC ASSESSMENT
Hydrological conditions in British Waters strongly influence the fate of domestic sewage 
discharges to sea (Mitchell, 1972). Most of the coastal waters in the English Channel are 
very shallow with winter temperatures of between 5° and T C  and summer temperatures 
varying between 15° and 19°C, dependent on depth. There are relatively strong tidal 
currents along the South Coast, driven by the tides in the North Atlantic. In winter, turbidity 
levels are generally elevated due to the preponderance of strong onshore winds that re­
suspend fine particulate matter in the water column.
This chapter provides an assessment of the oceanographic and hydrographic conditions pre­
vailing in the English Chaimel and, in particular, around the Littlehampton and Bognor 
Regis Long Sea Outfalls (LSOs) map 1 (Appendix II).
5.1: Coastal waters
The Littlehampton and Bognor Regis LSOs discharge into coastal waters of the English 
Channel approximately 10 and 20km (respectively) east north east of Selsey Bill. Water 
depths in the sampling area can reach a maximum of 14m at mean high water spring tide, 
and a minimum of 6m on mean low water spring tide.
The shoreline to the east of Selsey Bill comprises of a shingle bank shelving steeply down 
to a sand and gravel beach exposed at low water; more extensive beaches occur at 
Littlehampton and eastwards towards Worthing. Several rock reefs that dry at low spring 
tides exist around the Bognor Regis LSO extending from a point 1km west of Bognor pier 
and heading east south easterly for a distance of over 2km.
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The times of high water do not change significantly within the survey area, however the 
range of tide increases from west to east. The mean spring and neap ranges are 5.2 and 2.9 
metres respectively.
In the English Channel the currents are typically rectilinear, with flood tides heading in an 
easterly direction. In the vicinity of Bognor Regis and Littlehampton LSOs the current 
speeds and direction are highly variable because of the shallow depths.
Data provided by Southern Water Services suggests that the tide turns in an anticlockwise 
fashion with significant onshore drift over high water slack, and a significant offshore drift 
over low water slack. There is evidence of an inshore current, developing shortly before 
high water, and flowing westwards parallel to the coast. Maximum current speeds are 
generally recorded on spring ebb tides at 0.60 m/s decreasing to 0.35 m/s logged close to 
HW+3.30hrs. Slack water at the outfalls being surveyed occurred at LW +4.15hrs. for 
Bognor Regis and LW +4.30hrs. for Littlehampton.
5.2: Littlehampton and Bognor Regis Wastewater Treatment Works
Southern Water Services have two coastal treatment plants, at Littlehampton and at Bognor 
Regis. At these two plants Southern Water have employed a marine treatment option 
whereby sewage and storm water flowing to the headworks are subject to preliminary 
treatment prior to their discharge into receiving waters via LSOs. As a process, marine 
treatment is therefore heavily reliant on the effect of natural marine processes to dilute and 
disperse effluent within the receiving waters (Roberts & Willis, 1980).
The majority of the waste water discharged into the marine environment along the Coast of 
Arun may be classified as domestic effluent. This effluent consists of 99% water and comes 
from both homes and commercial premises, being the waste water of toilets, sinks and
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drains. In addition, local factories and processing works deposit a limited amount of indus­
trial waste, containing a variety of chemicals, into the sewerage system.
These two WWTWs within Arun are the main source of faecal pollution within local coastal 
waters and hence lie at the centre of this investigation.
5.2.1; Littlehampton
The Littlehampton (Mewsbrook) WWTW and LSO serves a population of 65,000. On 
reaching the headworks flows from the serving population pass through a coarse 100mm 
bar screen before entering circular grit traps. Flow then passes via one of two rotary drum 
fine screens and on to the main pump sump from which it is discharged to sea by variable 
speed mixed-flow pumps (SWA, 1988).
Grit removal equipment limits the accumulation of material within the outfall and reduces 
the wear on pumping and screening equipment. At Littlehampton the introduction of outfall 
riser ports has made grit removal more important. A grit settling velocity of 0.3 m/s allows 
the removal of grit larger than 0.2 mm diameter. The two rotary drum screens have 5.1mm 
mesh apertures which collect wood, rags, larger faecal matter and other solids until they are 
removed from the screens by a doctor blade. The screens are flushed by final effluent, 
strained for the purpose.
Screenings are carried away by the wash water in the channels to disintegrator pumps and 
delivered to a dewatering and debagging plant (SWA, 1988).
LSOs are primarily designed to offset the relatively high costs of disinfection (Pomeroy, 
1959) and equally to obviate increased expenditure on primaiy and secondary plant that 
would ensure high levels of pathogen removal. Such LSOs rely on the assumption that
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good initial dilution, dispersion and microbiological die-off will ensure compliance with 
water quality standards.
At Littlehampton the LSO consists of a steel pipe 1067mm in diameter and 3350m long. It 
is lined internally with coal tar epoxy resin and wrapped with bitumen enamel reinforced 
with glass tissue. At the seaward end, a diffuser system consisting of fifty 150mm diameter 
ports has been incorporated to increase dilution rates. The diffuser is ideally designed to 
discharge equal volumes through all ports. However this requires high pipe pressure and 
ports with very high discharge velocities.
Inspection of the outfall pipe has indicated that damage from fishing gear to the diffusers 
and lack of maintenance has led to broken ports which in turn have allowed ingress of 
seabed substrate within the pipe itself (Dillingham, 1993). This influx of material has 
caused blockages within the LSO causing the last 20 risers to be unserviceable. Such a 
blockage will undoubtedly affect the performance of the outfall as its hydraulic design is 
based on full operative efficiency (Wallingford, 1998). Southern Water engineers are 
carrying out underwater survey work with a view to replacing the present pipeline for the 
installation of a new secondary works. The pumped nature of the discharge means that 
outflow is intermittent, since flow only occurs when the pumps are working. This is 
followed by a period of no flow while the sump refills before the start of the next pumping 
cycle.
5.2.2; Bognor Regis
Bognor Regis WWTW is similar in design to that of Littlehampton but with a dry weather 
flow of 4.1 mega gal/day (2201tr/sec) from a population of approximately 90,000. 
Wastewater entering the headworks receives preliminary treatment before being discharged 
to sea.
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As at Littlehamton the influent is subject to coarse screening, grit removal and fine 
screening through a 5mm mesh aperture. In addition the flow is subject to maceration 
whilst passing through two disintegrator pumps.
The LSO at Bognor Regis is formed from a 1010mm steel pipe and extends 2720 m from 
the sea wall (SWA, 1988).
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6.0; MATERIALS AND METHODS 
6.1; Sampling at sea
This work is based on the measurements taken within the two chosen discharges on a timed 
basis, which in practice involves following a sewage slick from the moment and position of 
discharge from the end of a long sea outfall. This can often be a distance of several kilo­
metres from that point of source. We then compared the levels of any enterovirus found 
with present standard microbiological indicators used in the Bathing Water Directive 
(76/160/EEC), together with three types of bacteriophage.
Procedures were based on the development of a boat sampling regime using differential 
global positioning systems and drogues to track the precise movements of effluent plumes 
discharged from the long sea outfall. The sampling programme was designed to detect 
changes in the abundance of indicator and enterovirus populations and assess coastal water 
quality and the dispersion of effluent plumes under the influence of marine currents and 
superficial wind-drift.
6.1.1; Preparation for sea sampling
In preparation for each sampling trip all technical equipment was checked, bottles labelled 
and information data files set in place. A YSI6820 (Yellow Springs Instruments) chemical 
sond, used for the collection of chemical data, was calibrated according to the instruction 
handbook, boat equipment and safety checks undertaken, tides checked and area forecasts 
consulted to determine sea conditions. In addition, all laboratories were instructed as to the 
imminent arrival of samples.
An equipment inventory was produced for each trip. (Table 6)
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Table 6; Equipment inventory for sea sampling
26 X 10 litre sterile opaque plastic sampling bottles (Fisons BTR-650-190N)
2 x 1  litre sterile opaque plastic sampling bottles (Fisons BTR-650-130Y)
26 X 500 ml sterile bacteriological sampling bottles (PHLS Portsmouth)
13 X 100 ml glass coliphage sampling bottles (PHLS Portsmouth)
1 x 5  litre sample container (bucket)
2 X 2m length variable sampling poles with adjustable clamp
Multi parameter sampling sond YSI 6820 together with on board computer (Yellow 
Springs Instuments Ohio. 45387. USA.
"Ecowatch for Windows" ( YSI. USA)
Sonar 192Khz (Eagle UK. Plymouth)
Differential Global Positioning System (Garmin International. 9875 Widmer, Lenexa, 
Kansas 66215 USA)
High capacity 12v electric pump ( 40001itre/hr) (Orkney Boats Ltd, Ford, Nr Arundel 
UK)
Research Boat. Orkney Day Angler 19+ (Orkney Boats Ltd, Ford, Nr Arundel UK) 
(See Appendix II Plate II)
Full safety equipment inventory
Chemical analysis bottles (laboratory analysis of effluent) (Southern Science, Falmer, 
Nr. Brighton UK)
Floating Drogue (See Appendix II Plate I)
Tracking Aerial 'Little L-per' ( L'tronics Santa Barbara USA. )
Chloroform 500ml ANALAR grade
Calibration solutions
50 litres of 5% domestic bleach solution in a plastic drum
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6.2: Sea sampling procedure
Prior to sampling, the position of each long sea outfall was located using underwater sonar 
equipment, as surface buoys placed by Southern Water were found to mark only the approx­
imate end of each outfall Initial water samples were collected from the area of effluent 
discharge closest to the end of the pipe, known as the boil. This was visually detected by 
the discolouration of the water, sewage debris, flattening off of wave action, and the 
presence of large numbers of seabirds.
A complete microbiological investigation required the collection of 22 litres of seawater at 
each sample point and was completed according to BS6068, "Guidance on sampling from 
marine and waste waters" (HMSO, 1992). Replicate samples were taken at a depth of one 
metre. This was achieved by securely attaching the sampling intake hose to the sampling 
pole with waterproof tape. This waterproof tape was also used as a depth marker to make 
it easy to judge a depth of one metre in the highly variable sea conditions.
In total 2x10 htre virus bottles, 2x500 ml bacteriological bottles and 1x100 ml glass 
coliphage bottle were filled to the neck using an electric pump. Five ml of chloroform 
(ANALAR grade) was added to each coliphage bottle to lyse the host cells and preserve the 
phage. Following sampling, bottles were stored in the hold of the boat, away from direct 
sunlight, and the pump sterilised. This was completed by drawing through a 5% bleach 
solution for 30 seconds, leaving this for 15 minutes, and then drawing through raw 
seawater for 5 minutes to remove any traces of bleach solution. All samples for analysis 
were kept covered and cool, both on the boat and during transport to the laboratory.
To allow fast chemical analysis, a YSI sond was incorporated into the programme. This 
multi-sensor instrument enabled eight chemical parameters to be accurately reported at the 
sampling point once every five seconds, giving direct readings to the onboard computer. In
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addition, one chemical analysis suite similar to that collected within the treatment works 
was taken at the boil to investigate the effects of dilution on the effluent’s chemical charac­
teristics.
Sond analysis was carried out of the following parameters: pH, turbidity, conductivity, 
salinity, total dissolved solids and temperature.
Following sampling at the boil (sample point 1), plume movements were traced visually 
using a free-floating drogue. The progress of the drogue in rough weather could also be 
followed using a radio tracking device to allow accurate monitoring even in heavy seas.
This initial sampling process was repeated at intervals of 30 minutes for between one and 
five hours. On each sampling run the boat was drawn as close along side the drogue as 
possible and the sampling operation repeated. Drogue positions at the time of the sampling 
were 'fixed' to within five metres using a differential global positioning system and trans­
posed to marine charts later to determine the direction, movement and distance travelled by 
each plume. Background samples were collected at sites beyond the influence of the 
effluent plume to establish background concentrations of chemical and microbiological 
parameters.
Information on environmental parameters was gathered both at sea, and later from the 
Meteorological Office. Meteorological and tidal information was provided by the UK 
Meteorological Offices' Marine Weather Group. The Meteorological Office Wave Model 
Archive consists of the hindcast fields of winds and waves produced during the operation 
of the atmospheric and wave model forecast suite.
The frequency of sampling was notably influenced by deterioration in weather conditions 
and the need to return to harbour two hours before or after low tide to ensure safe access
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across the Harbour bar. Thirty-five sampling trips were completed between April 1997 and 
March 1999. Sampling was carried out under a range of conditions to reflect the seasonal 
and tidal variations, and the changing weather conditions found along the Channel coast. It 
was even possible to carry out sampling in conditions that would have been dangerous, if it 
were not for the excellent sea- keeping qualities of the sampling craft. Sampling trips 
lasted from one to five hours and wastewater slicks were tracked for between 0.5 and 6 km.
In addition, following discussions with the Public Health Laboratory Service, Reading, 
monitoring times at sea were restricted to periods of no more than four hours to ensure that 
microbiological samples could be processed, or start to be processed, on the same day to 
allow accurate enumeration.
6.3: Transport and analysis
Samples were kept cool whilst in transit from the point of sampling to the laboratoiy 
(HMSO 1998). All efforts were made to ensure that samples arrived at the laboratories 
within the following time periods: Bacteria - 6 hours, Viruses - 24 hours. Phage - 24 hours.
Enterovirus
The isolation of enteric viruses requires the initial filtration of 10 litres of seawater followed 
by enumeration using Buffalo Green Monkey suspended cell plaque assay. For raw sewage 
samples the volume of sample is reduced to one litre since the high level of suspended 
solids associated with larger volumes tends to block the glass fibre filters.
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Filtration
First collect 10 litre sample of seawater, then add HCl to sample in pressure vessel to reach 
pH 3.5. Mix well. Pass the sample slowly under pressure through 142mm cellulose nitrate 
membrane 0.45pm pore size plus 1.2pm pore size membrane if necessary. Discard water.
Pass 200ml of 0.1% skimmed milk at pH 9.5 in glycerine buffer slowly through the 
membranes. Collect the liquid eluate. Add acid to eluate to lower to pH4.5 when proteins 
will form a dense floe. Shake for 5 minutes.
Then centrifuge eluate at 7000g for thirty minutes and discard the supernatant. Re-suspend 
deposit in 10ml NazHPO^ . Test 10ml of the concentrate for the presence of virus in BGM 
cell plaque assay.
Enumeration BGM Suspended Cell Plaque Assay Media
For 100 ml: 58ml distilled water
20ml 199 (10 X conc. )
6ml Foetal calf serum
10ml 4.4% sodium bicarbonate
2ml Penicillin/Streptomycin (at 5000 iu/ug/ml)
2ml Fungizone (250 ug/ml)
1ml Gentymycin (4 mg/ml)
1ml 2% MgC12
1ml 0.1% Neutral red
Nutrient Agar (Difco) at 3% w/v in sterile 50 ml portions. This is sufficient for 1 Ox 9 ml 
petri dish assays.
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Method
Melt the agar and place in water bath at 45°C. Prepare the overlay medium, dispense the 
appropriate number of 5 ml portions into universals and place in water bath as above.
Trypsinise BGM stock cell cultures to prepare cell suspension at 1 x lOVml. Add 5 ml of 
agar to 5 ml of overlay medium, retain at 45°C. Mix 2 ml cell suspension (to give final cell 
number per petri dish of 20 million) with 1-2 ml sample concentrate. Pour into 10 ml of 
agar/medium.
Quickly pour into a 90 mm diameter petri dish, mix to cover whole dish and immediately 
place a dark cover over the petri dish until the agar has set (neutral red may inactivate the 
virus in the presence of light). Invert, place in damp container and incubate in 5% CO2 at 
37°C.
Score for plaques on days 2, 3 and 5. Each plaque is derived from a virus infectious unit. 
All the sample concentrate should be tested and the total number of plaques represents the 
total number of virus infectious units in the original sample. View the petri dishes against 
a dark background with a light source behind.
Results are expressed as plaque forming units per 10 litre (lpfu/101).
It is essential to include a positive virus control of known count in every batch of plaque 
assays (about 30 pfij/ml).
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Bacteriophage
This method covers the determination of coliphages infective for E. coli C (ATCC 13706, 
NCIMB 12416) in water. The lower limit of detection is 1 pfu/ml.
Apparatus: Water Bath: 45°C +/- 1°C
Incubator: 36° +/- 1°C 
Petri Dishes, Sterile 90 cm dia.
Sterile glass universals
Sterile plastic pipettes, plugged, 1ml and 5ml
Sterile plastic loops
Protec freezer beads
Freezer:-18°C+ /-1°C
Materials: Chloroform Analar grade
Solid LuriaAgar 
Soft LuriaAgar 
Luria Broth
Freeze dried host organism E. coli C NCIMB 121416 (same as ATCC 3706) 
Agar Preparation Method:
Solid Luria Agar Base
15g Tryptone Water (Oxoid CM87)
5g Yeast Extract (Oxoid L21)
5g Sodium Chloride (Analar)
14g Bacteriological Agar No. 1 (L ll) 
1 litre Distilled Water
Dispense into a 21 flask and autoclave at 
121°C for 15 minutes. When cooled below 
56°C pour approximately 10 ml into each 
sterile petri dish and allow to set.
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Soft Luria Agar
Tryptone Water 7.5g 
Yeast Extract 2.5g 
Sodium Chloride 2.5g 
Bacteriological Agar No. 1 3.5g 
Distilled Water 500 ml
Dispense into a 500 ml duran and 
autoclave at 121 °C for 15 minutes. To use, 
hold the molten agar at 50°C in a water 
bath. Remove medium as necessary using 
a sterile pipette.
Luria Broth
Tryptone Water 1.5g 
Yeast Extract 0.5g 
Sodium Chloride 0.5g 
Distilled Water 100 ml
Dissolve thoroughly and dispense 10 ml 
into each of 10 glass universals. Autoclave 
at 121 °C for 15 minutes.
Reconstitution of host organism
The host should be reconstituted using the instructions contained with the culture. A sample 
of the organism should be frozen down using the protec beads after culture. In order to 
obtain the host for the test, inoculate 10 ml of Luria broth with the E. coli from the primary 
plate. Incubate overnight at 36°C. The next morning, inoculate 1 ml into a new broth then 
incubate this for four hours. This culture is then ready for the test.
If tests are to be performed over several days or weeks, it is important to take subcultures 
from the frozen beads and not from the culture plates as repeated subcultures may make the 
host less susceptible to the phage.
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Test method
For each sample, 20 ml of seawater was taken into a sterile glass universal. Samples were 
taken to coincide with the samples for bacteriology. When the sampler returned to the 
beach, 1 ml of chloroform was added to each sample. These samples were then stored in a 
cool box before being transported to the laboratory. The maximum time allowed for this 
was four days.
For each sample, a petri dish containing 10 ml of solid Luria agar was poured and allowed 
to set.
To perform the test, each plate is labelled with the samples full details. The 1 ml of well- 
mixed sample is pipetted on to the surface of the agar along with 0.2 ml of a four hour 
culture of the host bacterium. This is mixed thoroughly by swirling the plate. Then 3 ml 
of molten soft Luria agar at 45°C is pipetted on to the plate and swirled well to mix. The 
plate is then left to set. This method is repeated for all samples. After setting, the plates 
are incubated inverted, at 36°C +/- 1°C overnight. The following day, the clear, lytic 
plaques are counted and the numbers recorded. Plaques may vary considerably in size 
between 1 -6  mm. Care must be taken not to include air bubbles and pieces of solid agar 
in the count as these can resemble small plaques.
Enumeration of indicator bacteria
Faecal coliforms and faecal streptococci were enumerated by standards membrane filtration 
procedures using membrane lauryl sulphate broth (MLSB) (PHLS/SCA 1980a) and 
membrane enterococcus agar (MEA), respectively.
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Depending on expected levels, appropriate dilutions were performed in Ringers solution. 
Duplicate enumerations were carried out for a range of tenfold dilution series. Numbers of 
organisms (colony forming units CFU/100 mf^) were calculated by taking the weighted 
average of individual membrane counts.
The technique (described in detail below) was carried out in accordance with the 1994 
Methods for the Examination of Waters and associated material, PHLS/DOE/DH, and the 
Public Health Laboratory, Portsmouth, Manual of Standard Methods for Microbiological 
Analysis of Water. All bacteriological analysis was kindly undertaken by PELS, 
Portsmouth, under the supervision of Mina Clarke.
Count of total coliforms and E. coli by membrane filtration
For each sample place an absorbent pad into each of two empty sterile petri dishes. Add 
sufficient MLSB to saturate the pad, allow to soak in and pour off any excess fluid. The 
volumes and dilutions of samples should be chosen so that the number of colonies to be 
counted on the membrane lies, if possible, between 20 and 80. With sewage related samples 
it is necessary to filter different volumes so that the number of colonies on the membranes 
are likely to fall within that range. When the volume to be filtered is less than 10 ml, add 
at least 20 ml of sterile diluent to the fuimel before addition of the sample to aid uniform 
dispersion of bacteria over the entire surface of the membrane during filtration.
Place the disinfected filtration apparatus in position and connect to a source of vacuum, 
with the stopcock turned off. Remove the fuimel and place a sterile membrane, grid-side 
upwards, on the porous disc of the filter base. Pour or pipette the required volume of 
sample into the funnel. Open the stopcock and apply a vacuum of about 65 kPa (500mm 
Hg) and filter the water slowly through the membrane. Close the stopcock as soon as the 
water has been filtered so that as little air as possible is drawn through the membrane.
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Remove the fimnel to a boiling water bath if it is to be reused, and transfer the membrane 
carefully either to a pad saturated with medium or to a well-dried agar plate. Ensure that 
no air bubbles are trapped between the membrane and the medium.
Pour off any excess medium from the saturated pad, either before or after the membrane is 
placed in position. If this is not done, confluent growth may result. For different volumes 
of the same sample, the funnel may be reused without boiling provided that the smallest 
volumes of the sample are filtered first.
After filtration of each sample, disinfect the funnel by immersion in boiling distilled water 
for at least one minute. During the filtration of a series of samples the filter base need not 
be sterilised unless it is contaminated or a membrane is damaged. The time between the 
end of the filtration step and the beginning of the incubation stage should be as short as 
possible and no longer than two hours.
Incubate both membranes at 30°C for four hours then transfer one membrane to 37°C fores- 
timation of total coliforms and the other to 44°C for E. coli. Use incubators or water baths 
for incubation. Incubate the membranes at 37°C or 44°C for 14 hours to give a total incu­
bation time of 18 hrs.
After incubation, examine the membranes under good light, if necessary under a hand lens. 
Count all yellow colonies (however faint) within a few minutes of removing from the 
incubator.
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Count of faecal streptococci by membrane filtration
Faecal streptococci usually produce pink, maroon or red colonies as a result of the 
formation of formazan from triphenyl tétrazolium chloride in the medium.
Prepare and filter the sample as described in the previous section. Incubate at 37°C for four 
hours followed by 44°C for 44 hours. All colonies to be counted that are smooth and convex 
in shape.
6.4: Data handling
With over 100 separate data sets being produced from every sampling trip it was important 
to set up a number of user friendly databases to handle the information. Lotus 123 and 
'Ecowatch' software packages were chosen to administer the information generated and aid 
in future statistical analysis. An on-board computer was installed to log information on 
environmental and chemical parameters during each sampling trip, while further chemical, 
microbiological and meteorological data was downloaded to a land based office computer 
system at a later date.
Statistical analysis was undertaken using Lotus 123 release 5 spreadsheet package (IBM, 
1994). Descriptive statistics, including arithmetic means, standard deviations, and 
maximum/minimum concentrations were tabulated to summarise the analytical results. 
Relationships between indicator organisms and enterovirus, and microbial and chemical 
parameters were assessed using multivariate regression analysis.
Seasonal variations in microbial populations were assessed and the rate of recovery of 
micro-organisms from receiving waters graphically illustrated in relation to time and 
distance from the point of discharge.
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6.4.1: Regression analysis
Relationships between concentrations of bacteria, bacteriophage and enterovirus were 
examined using linear regression analysis.
6.4.2: Correlation analysis: Pearson
This procedure generates a matrix of correlation coefficients for the observed variables. 
This method of analysis is generally considered to be most relevant for determining whether 
there is any form of relationship between the variables. The correlation coefficients provide 
a normalised and scale free measure of the correation between two variables. The coeffi­
cients fall between -1 and +1, with a value of zero indicating that the two variables are sta­
tistically independent. A positive value of one would represent a perfect correlation, with 
the variables increasing in the same direction. Minus one represents a perfect correlation 
with the variables varying in opposite directions. The coefficients from this analysis are 
listed as the Pearson product-moment correlation. The significance levels are based on the 
Students t distribution.
6.4.3: Rank correlation: Spearman
The statistical procedures used in the previous correlation analysis rely on the assumption 
that the data being analysed conforms to a Normal (Gaussian) distribution. The product- 
moment correlation coefficient is also very sensitive to extreme points. As an alternative to 
this, the Spearman rank correlation coefficient is often used in situations where the normal 
distribution may not be valid. This method makes no assumption about the underlying dis­
tribution; such methods are often termed non-parametric methods. These methods use the 
ranks of the data values rather than the values themselves. First, each variable is ranked
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separately, then the differences between the ranks of paired observations are calculated to 
measure the disagreement between the pairs. The squared disagreements over all pairs are 
summed, and a relative measure of disagreement calculated. The coefficient is scaled to fall 
between -1 (perfect disagreement) and +1 (perfect agreement).
The Spearman rank correlation coefficient is equivalent to ranking each variable separate­
ly and calculating a correlation coefficient fi*om the squares of the differences in ranks. The 
statistical evaluation of the relationship between variables in wastewater and receiving 
waters is illustrated in chapter 7.0. The Null Hypothesis for both tests is for no significant 
relationship between variables.
6.5: Plume mapping
Information on plume movements were collected as both real-time data, during the survey 
trips, and retrospectively from laboratories and meteorological organisations.
The information was presented in a number of different ways:
• Tabular and graphical presentation of the movement of the drogues deployed as part of 
the sampling exercise.
• The reduction in bacterial and viral numbers with distance and time.
• The changes in the chemical parameters with time.
Factors such as initial and secondary dilution were assessed and the effects of these on 
microbiological data reviewed. A comparison between observed and predicted data has 
been included within the report. The reduction in concentration or magnitude of a variety 
of physio-chemical parameters was also investigated to determine whether such informa­
tion would be appropriate for use as a real-time tracking tool.
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7.0; OCEANOGRAPHIC RESULTS
An assessment of drogue tracking results provided the following information on localised 
oceanographic and hydrographic conditions.
7.1; Bognor Regis outfall
The dominant flood tide directions measured at the outfall sample point were close to 70 
degrees, although drogues released from the outfall sample point tended to move in a more 
northerly direction, between 45° and 50°. This represents a significant onshore trend in the 
direction of the flood tide. Peak speeds of 0.66 m/sec were recorded during spring tides. 
The peak speed during neaps was closer to 0.35 m/sec.
Current speeds are generally lower during the flood tide than during the ebb, and there is 
typically no slack water at the end of the flood, with the flow direction swinging through 
north at about HW-2:30.
At the outfall sample point the dominant ebb direction was between 250° and 260°, with 
drogues released at the outfall sample point tending to move parallel to the coast. The low 
water slack typically occurs between HW+2:30 (springs) and HW+3;20 (neaps). However, 
it should be noted that the current speeds and dominant flow directions are highly variable 
in this area, and are considerably influenced by regional pressure changes and the prevail­
ing wind conditions.
Field studies have confirmed the variability of the flow regime. Effluent released from the 
outfall at a low water slack would typically move between 2 and 4 kilometres, whilst 
effluent released at the high water slack would be likely to advect as far as Selsey Bill. The
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overall Lagrangian residual in this area (the net movement of a water body over a full tidal 
cycle) is thus generally towards the south-west, although the magnitude and overall 
direction of the drift is variable.
Other factors, apart from the circulation pattern, will influence the rate of reduction in the 
bacterial and viral concentration. Such factors include the Initial Dilution (the dilution of 
the effluent between the diffusers close to the seabed and the mixing zone close at the sea 
surface), and the secondary dispersion of the effluent as it is advected away from the outfall. 
The Initial Dilution (Fig. 2) will vary through time, but at a specific outfall location is dom­
inantly influenced by the flow volume down the pipe, the tidal height (plotted in blue) and 
the ambient current speed (plotted in red). Studies carried out on the performance of the 
outfall, and typical curves showing the variation of Initial Dilution over spring and neap 
tidal cycles are summarised in Figure 2.
Typical dilution values are between 30 and 200 during neap tides and 30 and 550 during 
spring tides. 95% of the initial dilutions were greater than 32.2, with 50% higher than 68.8 
(Wallingford; 1998). On average, therefore, the bacterial and viral numbers measured in 
the effluent samples at the pumping station would be expected to have diluted by a factor 
of 70 in the surface waters above the diffusers. The discharged effluent will continue to 
dilute and disperse as the slick advects away from the outfall sample point. Data suggest 
that the rate of dilution is initially relatively rapid, but then decreases as the size and vertical 
extent of the plume increase. Table 7 shows typical times for the concentration in the 
effluent slick to reduce by a factor of 10.
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Fig 2. Bognor Regis Initial Dilution
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CONFIGURATION DATA
Initial Dilution Data calcutated using WRc Equations.
Bognor Regis 3DWF (cumecs)
Water depth above diffusers to msl (metres) 
Height of diffusers above bed (metres) 
Factor used to calculate effective depth 
Number of operational diffuser ports 
Diffuser port diameter (metres)
Average separation between diffusers (m) 
Seawater density (Kg/m^)
Effluent density(Kg/m^)
Densimetric froude number of discharge
0.368
8.30
0.40
0.75
9
0.150
8.0
1026.0
1000.0
11.83
SUMMARY RESULTS
95 percentile initial dilution 
50 percentile initial dilution
322
68.8
NOTES;
( 1 ) Ambient flows and tidal heights were derived from 
data recorded at the outfall in 1994.
Sources: (Wallingford, 1998)
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Table 7: Dispersion rates -  Bognor Regis long sea outfall (Wallingford, 1998)
Duration Time (min) to dilute by a factor of 10
Spring Tides Neap Tides
Short Term (<150 minutes) 90 205
Medium Term (>150 minutes) 525 310
Long Term (>1 day) 1700 -
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7.2: Littlehampton outfall
At the Littlehampton outfall the dominant flow conditions, as measured by a recording 
current meter over a six-week period, were between 60° and 70° during the flood tide and 
between 250° and 260° during the ebb. Slack tide typically occurred at approximately HW- 
1: 30, although the flow velocity rarely fell to zero. The flow direction typically changed 
steadily over the latter part of the flood tide and during the early part of the ebb, with the 
flow direction changing from north-easterly, through north to south-westerly. A similar 
anti-clockwise turn was apparent over the period of the low water slack; again there was 
little or no period when the water velocity fell to zero. Current speeds are typically higher 
on the ebb, reaching maximums of around 0.65 m/sec and 0.4m/sec during spring and neap 
tides respectively. Discharges of effluent from the outfall at low water slack would move 
between 4.5 and 8.1 km during the flood tide. The equivalent distances for releases at high 
water were 5.0 and 9.1 km for neap and spring tides respectively. The data from the 
recording current meter, drogue tracking and spore releases tend to suggest that the overall 
residual is towards the west.
Initial Dilution studies were also carried out at the Littlehampton outfall. These studies 
indicated that the expected Initial Dilutions were considerably higher than the values 
derived for the Bognor Regis outfall. Sample curves of the variations over a typical spring 
and a typical neap tidal cycle are summarised in Fig. 3. The summary indicates that Initial 
Dilutions of between 100 and 1250 during neaps and 80 and 2500 during springs would be 
expected. The 95 percentile and 50 percentile were 100 and 615 respectively.
On average, therefore, a 600-fold dilution would be expected between the bacterial and 
viral counts taken at the pumping station and those collected in the mixing zone at Station 
1. These calculations assume that all diffuser ports are operational, and that the flow is 
evenly distributed along the diffuser. This is not always the case and lower values are often
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apparent in the field. The effluent plume will continue to dilute and disperse as it moves 
away from the outfall sample point; the rate of dilution has been investigated on a number 
of occasions using fluorescent dye and spores. The data summarised in the table 8 show 
the times required to achieve a 10-fold dilution in the effluent plume.
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Fig 3. Littlehampton Initial Dilution
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CONFIGURATION DATA
Initial Dilution Dala calcutated using WRc Equations.
Littlehampton 3DWF (cumecs)
Water depth above diffusers to msl (metres) 
Height of diffusers above bed (metres) 
Factor used to calculate effective depth 
Number of operational diffuser ports 
Diffuser port diameter (metres)
Average separation between diffusers (m) 
Seawater density (Kg/m^)
Effluent density(KgZm^)
Densimetric froude number of discharge
0.294
7.70
0.77
0.75
44
0.115
6.0
1026.0
1000.0
3.76
SUMMARY RESULTS
95 percentile initial dilution 
50 percentile initial dilution
; 100.6 
; 614.6
NOTES:
(1 ) CuiTent speed data were obtained from a current 
meter deployed at the outfall in 1994.
(2) Simultaneous tidal height data were obtained from a 
recording tide gauge at the Bognor Regis outfall.
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Table 8: Dispersion rates -  Littlehampton long sea outfall
Duration Time (min) to dilute by a factor of 10
Spring Tides Neap Tides
Short Term (<150 minutes) 90 70
Medium Term (>150 minutes) 550 500
Long Term (>1 day) - 1250
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7.3: Plume tracking
The data are presented in a number of different ways:
• Tabular and graphical presentation of the movement of the drogues deployed as part of 
the sampling exercise.
• Reduction in bacterial and viral numbers with distance and time.
• Changes in chemical parameters with time.
Notes for figures 4 to 10
PI -  P31 Identify release points at sea of the tracking drogue.
T1 -  T36 Identify sampling trip number
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MATERIAL REDACTED AT REQUEST OF UNIVERSITY
7.3.1: Advection of the plume
Drogue tracking studies have indicated that the direction and speed of the flow is dependent 
on the prevailing wind conditions and the tidal range as well as more regional features such 
as pressure fields. There was considerable variability in the direction of the drogue tracks, 
with clear indications that the occurrence of strong onshore winds was linked with a sig­
nificantly greater onshore movement. A specific example can be seen in Fig. 8, where 
releases T17 and T18 show significantly divergent tracks during the flood tide. The survey 
on 26th August was carried out during significantly stronger offshore winds than the earlier 
survey. The increased offshore track followed by the plume on 26th is partially explained 
by the slightly earlier release time, but it is considered that the dominant feature is the 
stronger offshore wind.
The flood tide at both the Littlehampton and Bognor outfalls tends to set towards the shore, 
with significantly greater tendency for the slick to head towards the shore following a 
release closer to the high water slack. The ebb flow is more variable; with the longer term 
tracks suggesting that the flows are dominantly parallel to the coast off Bognor Regis, but 
tend to move slightly offshore off Littlehampton. The slightly onshore movement during 
the flood tide tends to suggest that the most likely time for contamination of the beaches 
would be from a release at the start of or part of the way through the flood tide. The data 
collected suggest that the magnitude of the onshore movement is linked to the prevailing 
wind, suggesting that it would be possible to develop an empirical model to predict possible 
worst-case pollution scenarios.
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7.3.2: Reduction of microbiological numbers in the effluent plume
Three dimensional dispersion processes predominantly control the reduction in the bacterial 
and bacteriophage numbers in the offshore waters. Close to the effluent boil, the diluted 
wastewater is generally restricted to the upper 1 to 2 metres of the water column. As the 
plume moves away from the mixing zone, the plume spreads laterally as well as through 
depth. The concentration of the bacteria and viruses will thus decrease with distance from 
the outfall.
The dilution process is further complicated by the nature of the tide, with flood and ebb 
flows following a broadly cyclic pattern. At Bognor Regis and Littlehampton this occa­
sionally resulted in the diluted effluent slick re-crossing the outfall in the vicinity of the 
diffusers, with the effect of increasing the numbers of micro-organisms in the plume.
The data collected as part of this project have been analysed to investigate the relationship 
between time/distance from discharge and the concentration of the study organisms. The 
number of variables, which influence the reduction in concentration, is wide, including time 
of release, flow rate down the outfall, weather conditions, tidal range, sea temperature, 
water depth and many others. Many of these are difficult to measure, so it was considered 
inappropriate to attempt a full statistical analysis of the rate of reduction of concentration 
with time and distance.
Sample plots showing the fluctuation in concentration with time and distance are included 
below for reference. The first four plots, from Bognor Regis (Fig. 11) show the changes in 
concentration of the total coliform, E. coli, F. streptococci and somatic coliphage with time. 
Station 1 is taken as time zero, with all subsequent stations sampled at half- hourly 
intervals. The distance from the sample sites on the next three plots has been calculated as 
the cumulative straight-line distance between successive stations. The origin point for these
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was determined by averaging the recorded position of all Station 1 sites. It should be noted 
that the cumulative distance is irrespective of the flow direction, so it is possible for a slick 
to be directly above the outfall despite having been advected by several kilometres. The 
equivalent plots are then reproduced for the outfall at Littlehampton (Fig, 12).
The range of data at each of the stations represents the variability in the sample concentra­
tion on the different sampling days. It is clear that there is an overall reduction in bacterial 
and viral numbers with time, but there is too much scatter in the data to justify determining 
a generalised equation to describe the changes in concentration with time alone. The equiv­
alent plots, with the time of sampling converted to distance travelled since release, have 
been presented for both Bognor Regis and Littlehampton data (Figs. 13 & 14).
As with the plots of concentration against sample station, there is clearly an overall 
reduction in the key parameters with distance, although there is still a considerable amount 
of scatter in the data. These plots (Figs. 13 & 14) again show an overall trend of reducing 
concentration with each sampling station. All four sets of plots of concentration against 
distance and against time show an overall trend of decreasing concentrations, although the 
scatter on the data is considerable. It may be feasible to reduce the scatter by plotting 
relative concentration (with the initial sample at 100%), although this is not considered 
appropriate at this stage. It is also apparent that the use of somatic coliphage as an indicator 
of an effluent slick should be treated with caution. Considerable numbers were detected at 
an early stage of the dilution process, but it is clear that the enumeration technique limits 
the applicability once the plume has been significantly diluted due to the high number of 
zero values coupled with very few counts of between 1 and 100.
In order to remove some of the variability associated with the combined data sets, the 
sampling on specific days has been reviewed. The numbers of counts for each parameter 
against Station Number and the relative reduction as a percentage of the first sample have 
both been plotted.
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The following days are included:
Bognor Regis:
T2 19th May 1997 HW at 10:14 First sample at 10:20
T7 4th February 1998 HW at 13:48 First sample at 10:00
T15 6th August 1998 HW at 10:46 First sample at 09:20
Littlehampton:
T6 21st January 1998 HW at 04:18 First sample at 09:55
T17 11th August 1998 HW at 14:29 First sample at 10:15
T25 10th December 1998 HW at 03:57 First sample at 08:15
These data were chosen to reflect situations where the flow direction was relatively consis­
tent for the majority of the survey. This reduces the possibility of the slick re-crossing the 
outfall. The detailed curves are given in fig. 2 and 3. It is clear from these results that it is 
possible to determine a statistically valid correlation between log percentage reduction and 
time since discharge (Fig. 15).
Further work has been carried out on the six data sets listed above to determine the degree 
of correlation with other data available in the area. Specifically the overall geometric 
means of all the measured concentrations at the pumping station have been combined with 
the estimated initial dilution and the overall dilution data described earlier. These data have 
been combined to determine a predicted dilution rate between the pumping station and 
sample point 5. Median values for the initial dilution and averaged data from both outfalls 
for ‘short term’ studies were used to determine the dilution rate. The average time for a ten 
times dilution was calculated to be close to 120 minutes.
Based on these data, it would be anticipated that the effluent plume would have diluted by 
a minimum factor of 10 between the mixing zone and Station 5 (2 hours after the start of 
the sampling). The summary data are included in Table 9.
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8.0; ANALYTICAL RESULTS
Thirty five sampling trips were completed during the investigation, and approximately 500 
seawater and 70 wastewater samples collected and analysed for a range of microbiological 
and chemical parameters. Table 10 summarises the analytical micro-biological results 
while the raw data is provided in Appendix III.
For statistical analysis purposes, all determinations below the analytical detection limit for 
each parameter were set to the detection limit. The relevant detection limits were; Total 
coliform, E. coli and faecal streptococci, 1 cfii/100 ml; bacteriophage, 0.1 pfu/100 ml; 
enterovirus, 0.1 pfu/10 litres (PHLS/Robens guidance procedures).
8,1: Microbiological results: Bognor Regis
The highest concentration of micro-organisms were isolated from wastewater effluent 
streams. Here the three bacterial groups, enterovirus and somatic coliphage were all 
isolated at concentrations above the detection limit on each occasion. F+ phage and SS 
phage were detected in 80% and 45% of effluent samples respectively.
The concentration of micro-organisms in the effluent strength was shown to be highly 
variable and samples taken at similar times on different occasions during the survey were 
shown to have considerably different numbers of bacteria, bacteriophage and enterovirus. 
Indeed the samples varied by two or three orders of magnitude during the survey. Figure 
16 illustrates the seasonal variability in the abundance of micro- organisms within Bognor 
Regis WWTW (Waste Water Treatment Works). On average, concentrations increased 
during the summer and autumn.
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Total coliform, E. coli and faecal streptococci were isolated at concentrations above 
detection limits from all samples taken at the point of discharge. Somatic coliphage were 
detected at the boil in 87% of samples, while both F-specific RNA phage and SS phage 
were detected in 13% of samples.
Seasonal variations in the abundance of microorganisms at the LSO point of discharge are 
illustrated in Figure 17. The largest concentrations were recorded during late summer and 
autumn, coinciding with peak periods of recreational activity.
While 32 % of samples collected within a 1 km radius of the point of discharge breached 
the current imperative beach-sampled bathing water standard for bacteria only 1% of ‘in 
plume’ samples contained detectable levels of enterovirus.
Somatic coliphage were the only phage group isolated from background marine samples, 
being detected within 21% of those samples collected outside of the visible influence of 
wastewater plumes. SS phage were the only group isolated from in-plume samples while 
absent from earlier wastewater discharges. No enterovirus were detected from marine 
samples.
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8.2: Microbiological results: Littlehampton
The highest concentration of micro-organisms was again isolated from wastewater effluent 
streams. The three bacterial groups and somatic coliphage were all isolated at concentra­
tions above the detection limit on each occasion, while F+ phage and SS phage were 
detected within 52% and 47% of effluent samples respectively. Sampling failed to isolate 
the presence of enterovirus in effluent streams on just one occasion. Seasonal variations in 
the abundance of micro-organisms in Littlehampton WWTW and at the point of discharge 
are illustrated in Figures 18 and 19.
Total coliform, E. coli and faecal streptococci were isolated at concentrations above 
detection limits from all samples taken at the point of discharge. Somatic coliphage were 
detected at the boil within 87% of samples, F+ phage in 31% and SS phage in 15% of 
samples.
The decline in the concentration of indicator groups within effluent plumes is illustrated in 
Table 10. While 21% of samples collected within a 1 km radius of the point of discharge 
breached the current imperative bathing water standard for bacteria, 4% of ‘in plume’ 
samples contained detectable levels of enterovirus.
Somatic coliphage were the only phage group isolated from background marine samples, 
being detected within 21% of those samples collected outside of the influence of waste­
water plumes. SS phage were the only group isolated from in-plume samples despite their 
earlier absence from wastewater effluent. No enterovirus were detected from background 
marine samples.
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Table 10: Summary of microbial populations in wastewater effluent 
and coastal receiving waters.
Site/organism Max Min Geo Mean Std Dev n
Bognor Regis WWTW
Total Coliform 19,556,923 84,285 1,568,784 7,663,004 15
E. coli 19,556,923 60,991 1,046,567 6,229,989 15
Faecal streptococci 2,119,812 1,742 101,125 601,037 15
Somatic coliphage 200,000 3 38,155 53,215 15
F-specific RNA phage 1,732 <1 11 631 15
SS phage 424 <1 2.3 142 15
Enterovirus 8,000 <0.1 1,624 2,272.02 15
Bognor Regis sample pt 1
Total Coliform 100,000 98 2,977 26,669 15
E. coli 29,317 50 1,544 8,537 15
Faecal streptococci 5,517 13 281 1,446 15
Somatic coliphage 3,521 <1 72 1,087 15
F-specific RNA phage 244 <1 <1 61 15
SS phage 170 <1 <1 42.2 15
Enterovirus <0.1 <0.1 <0.1 <0.1 15
Bognor Regis sample pt 2
Total Coliform 40,752 10 1,160 10,101 14
E. coli 15,577 1 508 3,887 14
Faecal streptococci 1,465 1 136 398 14
Somatic coliphage 489 <1 3 254 14
F-specific RNA phage <1 <1 <1 <1 14
SS phage 3 <1 <1 <1 14
Enterovirus <0.1 <0.1 <0.1 <0.1 14
Bognor Regis sample pt 3
Total Coliform 4,342 1 370 1,516 14
E. coli 2,909 1 94 1,574 14
Faecal streptococci 6,044 1 94 1,574 14
Somaticcoliphage 282 <1 2 90 14
F-specific RNA phage <1 <1 <1 <1 14
SS phage 3 <1 <1 1 14
Enterovirus <0.1 <0.1 <0.1 <0.1 14
(cont'd over...)
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Table 10 (cont’d)
Site/organism Max Min Geo Mean Std Dev n
Bognor Regis sample pt 4
Total Coliform 7,977 10 249 2,273 14
E. coli 4,364 1 93 1,305 14
Faecal streptococci 2,714 1 40 700 14
Somatic coliphage 529 <1 <1 145 14
F-specific RNA phage <1 <1 <1 <1 14
SS phage <1 <1 <1 <1 14
Enterovirus <0.1 <0.1 <0.1 <0.1 14
Bognor Regis sample pt 5
Total Coliform 4,952 10 325 1,612 13
E. coli 2,573 10 183 900 13
Faecal streptococci 519 1 42 154 13
Somatic coliphage 3 <1 <1 1 13
F-specific RNA phage <1 <1 <1 <1 13
SS phage <1 <1 <1 <1 13
Enterovirus <0.1 <0.1 <0.1 <0.1 13
Bognor Regis sample pt 6
Total Coliform 2,090 10 414 681 10
E. coli 994 10 265 383 10
Faecal streptococci 461 1 65 123 10
Somatic coliphage <1 <1 <1 <1 10
F-specific RNA phage <1 <1 <1 <1 10
SS phage 141 <1 <1 42 10
Enterovirus <0.1 <0.1 <0.1 <0.1 10
Bognor Regis sample pt 7
Total Coliform 180 86 105 47 3
E. coli 90 20 52 31 3
Faecal streptococci 27 1 7 10 3
Somatic coliphage 3 <1 <1 <1 3
F-specific RNA phage 3 <1 <1 1 3
SS phage <1 <1 <1 <1 3
Enterovirus <0.1 <0.1 <0.1 <0.1 3
Bognor Regis Background
Total coliform 2,400 1 17 608 14
E.coli 1,500 1 8 381 14
Faecal streptococci 880 1 1 224 14
Somatic coliphage 100 <1 <1 25 14
F-specific RNA phage <1 <1 <1 <1 14
SS phage <1 <1 1 <1 14
Enterovirus <0.1 <0.1 <0.1 <0.1 14
83 (cont’d  over...)
Table 10 (cont’d)
Littlehampton WWTW Max Min Geo mean Std dev
Total Coliform 100,000,000 50,000 2,267,813 23,711,063 19
E. coli 30,708,305 50,000 1,285,681 6,973,214 19
Faecal streptococci 1,649,127 924 45,003 457,238 18
Somatic coliphage 150,000 <1 11,168 63,070 19
F-specific RNA phage 22,912 <1 10 5,071 19
SS phage 1,449 <1 1 425 19
Enterovirus 40,600 <0.1 557 8,138 18
Littlehampton sample pt 1
Total Coliform 54,497 27 1,842 15,184 19
E. coli 41,833 27 1,219 10,366 19
Faecal streptococci 4,381 10 293 947 19
Somatic coliphage 6,599 <1 11 1,568 19
F-specific RNA phage 100 <1 <1 30 19
S S phage 244 <1 <1 65 19
Enterovirus 2 <0.1 <0.1 <0.1 19
Littlehampton sample pt 2
Total Coliform 42,426 56 1,023 9,489 18
E. coli 32,403 51 597 7,273 18
Faecal streptococci 786 6 125 230 18
Somatic coliphage 741 <1 1 175 18
F-specific RNA phage 1 <1 <1 <1 18
SS phage <1 <1 <1 <1 18
Enterovirus <0.1 <0.1 <0.1 <0.1 18
Littlehampton sample pt 3
Total Coliform 5,000 67 398 1,212 17
E. coli 4,000 20 245 949 17
Faecal streptococci 524 3 55 161 17
Somatic coliphage 173 <1 <1 40 17
F-specific RNA phage <1 <1 <1 <1 17
SS phage <1 <1 <1 <1 17
Enterovirus <0.1 <0.1 <0.1 <0.1 17
Littlehampton sample pt 4
Total Coliform 4,472 10 291 1,184 16
E. coli 3,000 10 210 776 16
Faecal streptococci 425 1 51 242 16
Somatic coliphage 3 <1 <1 35 16
F-specific RNA phage <1 <1 <1 <1 16
SS phage <1 <1 <1 <1 16
Enterovirus <0.1 <0.1 <0.1 <0.1 16
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(cont’d  over.,.)
Table 10 (cont’d)
Littlehampton sample pt 5 Max Min Geo mean Std dev n
Total Coliform 4,472 3 260 1,286 14
E. coli 3000 1 136 882 14
Faecal streptococci 425 1 32 131 14
Somatic coliphage <1 <1 <1 <1 14
F-specific RNA phage <1 <1 <1 <1 14
SS phage <1 <1 <1 <1 14
E nterovirus <0.1 <0.1 <0.1 <0.1 14
Littlehampton sample pt 6
Total Coliform 3,464 1 90 873 14
E. coli 3,000 1 64 755 14
Faecal streptococci 247 1 17 88 14
Somatic coliphage <1 <1 <1 <1 14
F-specific RNA phage <1 <1 <1 <1 14
SS phage <1 <1 <1 <1 14
Enterovirus <0.1 ‘0.1 <0.1 <0.1 14
Littlehampton sample pt 7
Total Coliform 489 1 60 221 3
E. coli 346 1 48 156 3
Faecal streptococci 86 1 14 35 3
Somatic coliphage <1 <1 <1 <1 3
F-specific RNA phage <1 <1 <1 <1 3
SS phage <1 <1 <1 <1 3
Enterovirus <0.1 <0.1 <0.1 <0.1 3
Littlehampton sample pt 8
Total Coliform 496 3 39 246 2
E. coli 311 1 17 155 2
Faecal streptococci 68 1 8 33 2
Somatic coliphage <1 <1 <1 <1 2
F-specific RNA phage <1 <1 <1 <1 2
SS phage <1 <1 <1 <1 2
Enterovirus <0.1 <0.1 <0.1 <0.1 2
Relevant detection limits of microbial populations
Total Coliform
E. coli Icfu/100ml
Faecal streptococci
Somatic coliphage
F-specific RNA phage 
SS phage
O.lpfu/lOOml
Enterovirus O.lpfu/lOOml
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8.3: Regression analysis
A major part of this project was to investigate whether there was a statistically valid corre­
lation between the bacterial, viral and chemical data collected as part of the field studies. 
This analysis was carried out in a number of different ways:
• A graphical and statistical review of the raw data and analysis to determine which data 
sets would be appropriate for more detailed inspection.
• A multivariate analysis of the bacterial, viral and chemical data collected at the 
Littlehampton and Bognor Regis pumping stations.
• A multivariate analysis of the bacterial and viral data collected as part of the plume 
tracking exercise.
As part of the initial phase of the investigation, the complete data set collected at each of 
the pumping stations was reformatted and then rechecked against the raw data. The data 
were then analysed using Pearson Product Moment correlation and Spearman rank correla­
tion coefficients. The results from the Littlehampton and Bognor Regis pumping stations 
are summarised below:
8.3.1: Littlehampton WWTW
Littlehampton WWTW matrix is shown in Table 11. At the Littlehampton influent stream, 
no significant correlation was noted between any of the chemical properties and the micro­
biological data. The correlation analysis suggested that there was a significant relationship 
between the ammoniacal nitrogen and the ortho-phosphate. This was also apparent in the 
Spearman rank correlation coefficient; this would be expected as the concentrations of 
nutrients are generally closely related in effluent samples.
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With regard to the bacterial and viral data, the strongest relationship was between E. coli 
and the total coliforms group. A further significant correlation was noted between the F+ 
phage and faecal streptococci, although there was no corresponding agreement in the 
Spearman rank coefficients. A slight correlation was observed between E. coli and SS 
phage, although this relationship was not supported by the Pearson correlation.
Only E. coli showed a significant correlation with enterovirus although this was not 
supported by the Spearman coefficient.
8.3.2: Bognor Regis WWTW
The situation at the Bognor Regis influent stream was more complex; the expected corre­
lation between ammoniacal nitrogen and orthophosphate was present, but correlation was 
also apparent between both suspended solids and BOD and orthophosphate and BOD. A 
number of other parameters are also highlighted, indicating a slight degree of correlation, 
although such relationships are thought unlikely to be generally applicable.
As at Littlehampton a relationship was again evident between E. coli the total coliform 
while SS phage was significantly correlated to E. coli. A  correlation was apparent between 
F. streptococci and total coliform and total coliform and somatic coliphage.
No significant relationships between any of the indicator groups and enterovirus were 
observed at Bognor Regis. Bognor Regis WWTW correlation Matrix is shown in Table 12.
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The low correlations between the bacteria and bacteriophage, and bacteriophage and enterovirus 
parameters is surprising, suggesting that there may be additional factors that were influencing 
the data. As such, the raw data were investigated in greater detail to test the initial conclusions.
The raw data files were reassessed and reference made to documentation submitted by the lab­
oratories processing the data. Based on these comments and an overall assessment of the 
repeatability and viability of the data, the raw data files were edited in the following way:
• Values that were known or appeared to be suspect due to faulty lab procedure were 
removed. A number of criteria were used in this respect. First, bacterial counts thought 
to be associated with the inappropriate use of dilutions during the analysis were 
reviewed. Second, data from a single sampling exercise that had been analysed by 
separate laboratories was also reviewed.
• Replicate bacteriological, enterovirus and somatic coliphage data fi*om each sampling 
exercise were averaged to derive a single value. A geometric mean was used in these cases 
in order to remove the influence of any disproportionately high values. The F+ and SS 
phage data were averaged using a simple arithmetic mean. The use of a geometric mean 
was considered to be inappropriate in these latter two cases due to the large number of 0 
counts that would have skewed the average. It was noted that the reported counts in these 
cases were generally low, with typical positive counts being around 100 to 200 per 100ml. 
This corresponds to a count of 1 or 2 on the plated sample. The geometric mean of 0.1 
and 100 is 3.2, whereas the arithmetic mean is 50. The latter value is considered to be more 
representative due to loss of accuracy at low detectable levels.
• The data were log'° transformed. Whilst it is not considered appropriate to globally 
assume that log relationships are essential the technique is widely used to investigate the 
degree of agreement between individual parameters.
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8.4: Multivariate analysis of WWTW data
Following a review of the data relationships between concentrations of bacteriophage and 
enterovirus and bacteriophage and bacterial indicators were examined by linear regression 
analysis.
• E. coli against total coliform / somatic coliphage
• F. streps against somatic coliphage / 1. coliform
• Enterovirus against total coliform / E. coli ! SS phage / somatic coliphage / FRNA phage 
/ faecal streptococci. In these plots, the data from both pumping stations have been 
merged to form a single data set.
The logarithmic data in Fig. 20 confirm that there is a relationship between the E. coli and 
the total coliform. This relationship has been well documented, even so the relatively low 
f  value confirms that there is a considerable amount of scatter in the data.
The plot of E. coli against somatic coliphage in Fig. 21 showed very little agreement, con­
firming the low correlation coefficient in the matrices above. A similar poor correlation was 
apparent for the faecal streptococci against somatic phage (Fig. 22) .
The regression of log (total coliform) against log (faecal streptococci) (Fig. 23) as for log 
(total coliform) against log (enterovirus) (Fig. 24) also had a very low f  value, confirming 
that there was no valid correlation in the samples analysed as part of this project.
The relationships illustrated within (Fig. 25) show that no significant correlations were 
identified between the remaining indicator groups and enterovirus within effiuent streams.
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8.5: Multivariate analysis of plume data
The data collected from the plume sampling exercise was also analysed using the same 
methods as the samples taken from the Wastewater Treatment Works. Prior to analysis, the 
total distance from the release point was calculated and incorporated into the analysis. The 
correlation matrices were calculated for both the Littlehampton and Bognor Regis samples 
(Tables 13 & 14).
The data from the Littlehampton offshore samples show a strong correlation between the 
total coliform and E. coli. Strong correlations were also noted between faecal streptococci 
and both total coliform and E. coli.
The data from the offshore sampling at Bognor Regis showed similar correlations to the 
Littlehampton data, although in this case the relationships between the phage and coliform 
were more pronounced. In order to further investigate the indicated correlations, the data 
sets from the plume sampling at the two sites were merged. A series of regression analyses 
were then carried out. The use of the merged data set was considered appropriate, as it 
would increase the data available for the analysis. Sample point specific relationships at 
individual outfalls are more likely to be due to the chance correlation, rather than be indica­
tive of a wider trend. The background data were not included in the regression analysis.
A strong correlation in all data sets was between the total coliforms and the E. coli (Fig. 26). 
Initially a regression analysis was carried out on the observed data. The results indicated 
that there was a reasonable degree of agreement, but the data were skewed towards the 
lower values. Based on the premise that any significant regression between the variables 
should be based on the bulk of the data and that the influence of the higher values should 
be reduced, all subsequent regressions have been carried out on the logarithm of the raw 
data.
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The following regression analyses were completed:
Total coliform against E. coli / faecal streptococci / F+ phage 
E. coli against faecal streptococci / somatic coliphage 
F+ phage against ss phage
Marine sampling did not produce sufficient positive results to allow regression analysis of 
enterovirus.
The results from this analysis (Fig. 27) show that there is a good correlation between the 
total coliform and the E. coli (R^  = 0.8252). It is interesting to note that the slope of the 
regression line is significantly different to the slope calculated for the same parameters in 
the samples from the pumping stations. The samples from the effiuent plume had a slope 
close to one, whereas the samples from the pumping stations had a slope of 0.703. This 
indicates that the there were consistently more total coliforms than E. coli in the pumping 
station samples. This is in accordance with expectations and published work.
The results from the regression of total coliforms against faecal streptococci (Fig. 28) 
showed a reasonable correlation (R^=0.6123), although there was a considerable scatter in 
the data. The scatter was considerably higher than noted for the correlation between the 
total coliforms and E. coli. Again this is an indication of the variability of bacterial numbers 
in the marine environment.
The regression between E. coli and faecal streptococci (Fig. 29) was slightly better than the 
one with total coliforms, the R^  value was 0.6927. This is indicative of considerable scatter, 
but the reasonable degree of correlation and the significant faecal streptococci counts from 
the water samples in the effiuent plume is indicative of the validity of faecal streptococci as 
a tracer for effluent contamination.
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The regression between somatic coliphage and E. coli was poor (Fig. 30). This is consid­
ered to be, at least in part, due to the resolution of the analysis methods. This limitation to 
the resolution has a significant influence on the viability of the phage as indicators of 
sewage pollution.
The relatively low numbers of phage and virus in the WWTW samples is reflected by even 
lower numbers in the sea. This is discussed in greater detail in Chapter 7 on plume tracking. 
There was no agreement between the regression slope calculated for these parameters at the 
WWTW and in the plume. This is in part due to the large number of zero counts in the 
offshore samples. Better agreement may occur if the zero values are ignored, although 
there is little indication of a strong correlation in the data plotted.
No valid regression curves was found to describe the relationship between total coliforms 
and F+ phage (Fig. 31). The data set was dominated by the large number of zero values. 
The reason for the large number o f’zero’ values was described in the previous paragraphs. 
Discarding the zero values would not have resulted in a better correlation due to the limited 
number of positive samples and the restricted range.
The regression carried out on the ss phage and F+ phage (Fig. 32) did not indicate any form 
of valid correlation. This is due to the large number of zero values dominating the data set. 
If further work is to be carried out on the use of phage, novel approaches to the analysis 
should be tried. Specifically the possibility of plating larger volumes or concentrating the 
sample could be considered.
The final regression (Fig. 33) carried out as part of the statistical analysis was the 
Orthophosphate against total coliforms. The results from the plume tracking study 
indicated that there was very little correlation between the physicochemical parameters 
measured and the time since discharge or distance from the outfall. This was the reason that
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these parameters were not included in the detailed correlation analysis. The only parameter 
that demonstrated some form of relationship was the ORP. The scatter plot of log (total 
coliforms) against ORP for the combined data set from both outfalls is included below:
It is apparent from the scatter that the two parameters are unrelated.
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9.0: PHYSICAL AND CHEMICAL DATA
Data on the physical and chemical properties of the receiving waters near the Bognor and 
Littlehampton outfalls was also collected during the plume tracking studies. Measurements 
of turbidity, sea temperature, pH, TDS, salinity and ORP were made at the same time that 
the bacteriological and viral samples were collected. In order to determine whether the 
physical and chemical parameters can be used as indicators of the presence of the effluent 
plume, the variability of the parameters through time has been assessed. In order to achieve 
this, individual values have been calculated as percentage differences from the background 
value.
The background values were measured at a sample point away from the influence of the 
outfall. The difference was calculated by subtracting the background value from each 
parameter at each sampling sample point. A positive percentage thus represents an increase 
in the appropriate value above the background; a negative value shows that the measured 
data was lower than the background. The appropriate percentage difference values have 
been plotted against station number. In situations where changes in the value of a specific 
parameter are purely related to dilution, a positive or negative percentage would gradually 
converge with the 0%. The convergence could then be correlated with the bacterial and 
viral data in order to compare the dilution rates of physical and chemical data, with a tracer 
such as faecal streptococci or coliform bacteria.
When undertaking this type of analysis it is important to appreciate that the main factor 
which makes a tracer useful is that the tracer should remain at a concentration which is sig­
nificantly different to the background. The absolute difference that is significant is not the 
same for each parameter, but is a function of the resolution and accuracy of the individual 
sensors. For example, if the resolution of the temperature sensor was 0.01°C and the 
accuracy was +/- 0.1°C, a sustained difference of around 0.3°C to 0.5°C would be
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necessary in order to be sure to define the plume. The estimated initial dilutions referred to 
earlier of 70 and 615 for Bognor and Littlehampton respectively serve to dilute the effluent 
considerably between the diffusers and the sea surface. Consequently, significantly higher 
differences between the absolute values of the parameter in the effluent and the ambient 
seawater would be required in order to monitor it effectively as the plume dispersed. The 
percentage difference against station number has been plotted for the physical and chemical 
parameters measured for each survey. Sample plots for selected surveys are included 
below:
In the first plot (Fig. 34) all parameters, except turbidity, fall within 20% of the appropriate 
background value. The turbidity data are consistent between successive stations, but are on 
average 60% of the background value. If the difference were due to an initially lower 
turbidity in the effluent, which was dispersed as the slick moved away from the outfall, then 
the curve would be expected to converge with the 0% difference line. This does not happen 
in this case, so it must be concluded that the background sample was taken in an area with 
a higher natural turbidity. Such variations would be expected across an embayment due to 
changes in current speed, bathymetiy or other influences such as riverine inputs.
The data on sea temperature, pH, TDS and salinity showed no significant variation between 
the sampling stations, although the % difference in ORP values decreased steadily from 
-20% to around -2% between stations 1 and 5. The strong correlation between the per­
centage difference and time suggests that the background values were initially higher than 
the data from station 1, but that the dilution and dispersive processes progressively reduced 
the differences.
On the second plot (Fig. 35) there was no turbidity data, and the remaining parameters 
showed little variation from the background value. The maximum differences were in the 
sea temperature readings, with a - 6% difference. The temperature of the water at station 1
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was lower than the ambient value measured at the background sample point, but the differ­
ence gradually reduced for the subsequent sampling sites. Absolute differences of around
0.3°C were measured at station 1; this decreased to no difference at station 6. A similar con­
verging pattern was noted in the ORP data, with the absolute difference decreasing from 
around llmV to OmV. The ambient temperature was 5.6°C and the ambient ORP was 
245mV. The differences measured are thus very small, although there is a clear pattern on 
this particular release.
On the third plot (Fig. 36), the variability between the sampled stations was dominated by 
the very high differences in the turbidity. These variations were due to a very low back­
ground value of 0.3NTU, small variations in the measured turbidity at the sampling stations 
will thus appear as large percentage differences. The apparent decrease in turbidity at the 
sampling sites away from the outfall is thus dominated by this effect. Absolute differences 
of this magnitude are not significantly different to the accuracy of the sensor, reducing the 
applicability of this specific parameter. A relationship between ORP and station number 
was also apparent during this survey, although in this case the ORP was higher at station 1 
than it was at the background sample point. The absolute difference decreased from 22mV 
(a 10% difference from the background) to OmV over the survey period. Veiy small 
changes were apparent in the other channels, and no clear relationships could be derived.
On the fourth plot (Fig. 37) the differences from the background values were small for all 
parameters except turbidity. The background was higher on this occasion, so small changes 
in the absolute value of the turbidity would have less effect on the percentage difference 
than in the previous example. In this case the large variations were due to two very high 
values of 28.6 and 7.9 NTU at stations 2 and 4 respectively. It is possible that these high 
values were associated with the effluent plume, especially as the salinity also showed a 
reduction (0.2psu), although without more data it is difficult to be sure. The remaining
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parameters (including the ORP data) all had broadly consistent data from sample point to 
sample point, with no discernible pattern that would indicate progressive dilution.
Again, it is interesting to note that the absolute values of the parameters were very similar 
from sample point to sample point, but were significantly different to the background value. 
The choice of an appropriate background sample point is clearly an important factor when 
attempting to model the reduction in the value of key parameters with distance or time from 
the outfall location.
The final plot (Fig. 38) includes the clearest demonstration of the expected changes in the 
percentage difference as the effluent plume dilutes. In this example the absolute value 
measured by the ORP sensor increasing from26mV to a maximum of 156.6mV, when 
compared to a background value of 160, this represents a change in the % difference from 
-83% to around -2.5%.
Despite this highly significant correlation, similar patterns were not noted in the other 
parameters. This suggests that whilst the technique is promising, there are many other 
factors that can influence the results, and this reduces the global applicability of the method. 
The turbidity data were all relatively low, with a background value of 1.1 NTU, and average 
values in the plume of between 2.6 and 3.3 NTU. It is noted that the turbidity of the raw 
effluent sample (as measured in the pumping station) was 145 NTU. The predicted 50%ile 
initial dilution for the Littlehampton outfall is 615; based on this an elevation of around 0.24 
NTU would be expected at station 1. A considerably larger difference was recorded in the 
field at all sites; this provides additional evidence that the use of turbidity alone would not 
be an appropriate tracer for the effluent plume. The application of common sense would 
also indicate that the considerable variance of inshore turbidity levels due to normal envi­
ronmental events away from plume activity could lead to an example of the background 
level closely mirroring that of plume turbidity levels as storm conditions subside.
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10.0; PRELIMINARY MODEL DESIGN
There is a need for significantly better quality information for bathers than that provided 
now. This has to be achieved on similar, or better cost benefit ratio than the current pro­
tective legislation. Information has to be used by largely untrained beach managers, to give 
valid and useful real-time warnings to bathers, so the working model must be simple to 
understand and easy to use.
The model has to demonstrate adequate flexibility i.e. the parameters for the model must be 
adjustable for venue and indicator type as required by law or preference. It has to extrapo­
late to at least "perceived" health risk for bathers and has to have sufficient precision and 
accuracy to give a result that has practical use. In addition, it has to be sufficiently quick 
to respond to real-time changes in water quality
10.1 Discussion of model concept
During the study it became apparent that there was a degree of predictability of indicator 
numbers at certain times, distances and water temperatures following discharge from long 
sea outfalls. In effect, it was possible to give a rough but useful assessment of discharged 
indicator numbers and then the approximate location of the slick based on the movement of 
tracking drogues.
This apparent predictability became the basis for the development of a simple model that may 
provide the ability to minimise risk at the point of infection for the recreational water user.
It also became apparent that the concept of risk/hazard was the key to the safety of the recre­
ational water user.
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Where Risk = concentration of pathogens at point of infection (can be called "dilution") 
Where Hazard = probability of risk occurring
For the bather standing at point B on the beach adjacent to point source discharges X, Y and 
Z of pathogenic organisms (Fig. 39), the known movement of tides and currents previously 
determined by simple float tests and indicator monitoring is vital to him. This is because the 
bather at point B will not be subject to risk from that point source discharge if it is already 
shown that at the time of his bathing, the slick is not going to be present at point B.
So for the bather at point B the hazard (probability of a risk occurring) has been removed 
and it is therefore safe for him to bathe in respect to that source of pollution.
Imagine now, that this happened at 11am. It is now 2pm and the picture has changed dra­
matically (Fig. 40). The known tidal conditions for this area of the bathing beach suggest 
that at 2pm the sewage slick discharged from riverine input at point Z will reach the same 
bather at point B. The bather could then be warned in advance that there was an increased 
likelihood of contact with pathogens discharged from point Z.
Therefore, for the construction of a model that gives predictive and reliable data for known 
pathogens, three points can be made.
1. The factors that alter the number of pathogens at the point of infection of the bather B 
from release point Z are called risk factors.
2. All other factors must be therefore outside the risk category, and can be said to be those 
things that remove the chance of risk occurring. These are called hazard factors.
3. Choose an indicator for the model best suited to the chosen pathogen.
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What can we deduce from these three points?
From point 1, four factors control the reduction of pathogens from the point of release until 
exposure to infection. These are: temperature of the water, time post release, turbidit}  ^of 
seawater and sunlight strength. The last two may be combined into the amount of sunlight 
received by the pathogen, known as ‘received sunlight’.
From point 2, All other factors such as volume of slick, tidal influence and wave height 
serve either to distribute risk over a wider area, or remove it entirely.
From point 3, Any indicators can be used for the model, as long as they show similar 
response to the three risk factors as the pathogen being measured.
We can now begin to assemble a model based on the two essential questions: Will the 
hazard become a risk? What level of risk is there?
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10.2: Assembling the model
The first task is the separation of the model into two parts, the first part assessing hazard 
and the second risk. This is of vital necessity since the answers given in response to the 
first set of questions (hazard model) will allow adjustment for entry into the composited 
(risk) model to suit the prevailing conditions.
Factors that are known to affect the fate of indicators released into the marine environment 
are assigned into either a hazard grouping or a risk grouping.
In order to do this it is necessary to resort to first principles. The presence of a concentra­
tion of, say, 10  ^pathogens of a known type at the point of infection carries a certain likeli­
hood of infection. This is risk. However a large volume in similar concentration of these 
pathogens spreads this same level of risk over a wider area. This is hazard.
Therefore, only those factors that affect concentration of pathogen/indicator are assigned to 
a risk grouping. These are water temperature, time (post discharge) turbidity and sunlight 
strength. The time (post discharge) factor incorporates such factors as distance from 
discharge, predator / host relationships, and salinity. Therefore, by deduction all other 
values can be assigned to the hazard grouping.
Examination of studies carried out by Won & Ross (1973), McCambridge & McMeekin
(1981), El Shakawi eta l (1989), Chamberlain & Mitchell (1978), Kapuschinski & Mitchell
(1982), Bitton & Mitchell (1974 a & b) have indicated that it is possible to combine both 
sunlight strength and turbidity into a received sunlight value within the left vertical axis of 
the risk model. The weighting of these combined values can now be field tested to assess 
the accuracy of the inter-relationship. For example:
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Sunlight strength : Turbidity^
Ratio 1:1
So the presence of say, high turbidity and high received solar radiation can be taken as a 
point between them on this axis that is equidistant between those two parameters as their 
effects tend to counterbalance each other.
Factors that affect the presence/absence and volume of the slick (advection of plume, tidal 
currents, volume of discharge, diftuse inputs etc.) are assigned to a hazard grouping, or, in 
other words "will the slick actually reach the bather?"
To establish an approximation of the end-of-pipe value for a chosen indicator, a hazard 
assessment has to be carried out on the discharged plume.
Worked example:
An estimated post-discharge sample value of 10"* per volume of the chosen indicator at 
sample point Z is to be applied to the model. (Water Authority studies have shown that 
discharge concentrations of indicators follow a cyclical and predictable pattern. Also, from 
the application of analyses carried out at the works there should be sufficient understand­
ing of likely indicator concentrations at the point of discharge to enable sufficiently accurate 
sample point Z numbers to be estimated.)
On this day, however, it has been noted that a previous day heavy rain event has occurred, 
and additional riverine input is likely due to tidal conditions.
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The question is, therefore, will the bather at point B be subject to any further potential risk 
(hazard) in the form of unforeseen discharges, inputs that may increase the pathogenic 
loading of the riverine input?
Therefore, a typical site-specific hazard chart would appear as on Figure 41.
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Therefore, an estimated post discharge value of 10'’(say, 50 000 E. coli per volume based 
on accurate information of dilution levels) with additional river input, plus a previous day’s 
heavy rain event would, following its application to the first table (hazard model) be intro­
duced into the second table (risk model) as a potential post discharge value of 10 .^
However, if for the first question 'is the presence of a sewage slick visible or predicted from 
this source?' the slick is known to be heading in a direction other than to the bathing beach 
in question, then there is no further need to apply the test to that particular slick i.e. The 
hazard will not become a risk. This would mean the Beach Manager would, with reference 
to that source, be able to allow bathing straight away and avoid unnecessaiy analysis of data.
The addition or subtraction of log values within the hazard model gives a quantitative 
estimate that is sufficient to allow the application of the risk model. A small log value e.g. 
10’might change to 10  ^-  still negligible, whereas a large log value e.g. 10  ^changes to 10* 
giving a high (protective to the bather) margin of error. It is merely necessary to provide 
a rough approximation of log value at the point of discharge for the model to work and 
provide the bather with good quality information on the risks faced.
Therefore, the 10^  value resulting from Fig. 41 is now subject to the environmental condi­
tions that will determine the degree of risk it presents to the bather (see Risk Model, Fig. 
42). For example, following application to the Risk Model, at 4 hours post discharge a 5 log 
reduction in indicator numbers would occur within a range of 12-25°C at moderate received 
sunlight levels. This will then provide an estimated value of 10’ for a sample taken in the 
bathing area.
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To test the quality of data provided by the model, it has to be run against known real-time 
values in the venue for which it was designed. To do this a series of randomly selected 
sampling events were chosen from the sampling programme and applied to the risk model 
giving the results in Table 15. In the case of these data sets the value of the WWTW E. coli 
was known for both Bognor Regis and Littlehampton. For the application of the test where 
WWTW numbers are unknown, they have to be predicted based on previous data of 
WWTW samples over such a length of time so as to provide seasonal and temporal varia­
tions in weather and populations.
It should be noted that the limitations of such a technique are twofold.
First, there has to be a good understanding of the likely numbers of indicators present at the 
point of discharge. This can only be acheived by a rigorous and systematic sampling regime 
that will cost significant amounts of money.
Second, there will be no provision for unusual or extreme circumstances, such as unreport­
ed severe multiple illnesses within the catchment area.
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Table 15: Model verification
SAMPLING TRIP
Actual
sample point 1 
Æ coli
Actual
sample point 6 
E, coli
Predicted 
sample point 6 
E. coli (2.5 hours 
after release)
12.05.98 T34 15 000 760 500 - 1000
19.11.98 T24 1 930 767 750 - 1500
11.03.99 T36 3 000 440 300
13.05.97 T24 12 000 150 250 - 500
7.07.96 T7 35 000 1000 750 - 1500
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11.0: DISCUSSION
One of the weaknesses of a laboratory survival study is that when the count of the subject 
indicator is made, it is only against a maximum of two parameters - one of which has to be 
fixed. At sea, the number of influences to which the indicator is subject to is far greater 
than this. Further, any one or more factors of influence may work in conjunction with, or 
against, one or more other factors of influence to produce unexpected levels of effect. In 
this investigation samples of the subject indicator/pathogen were taken at fixed time 
intervals moving within the sewage plume, permitting the analyses of multiple variables, 
and from this the possibility of designing a usable risk assessment methodology was 
allowed.
The key to success in providing the recreational water user with information about the water 
in which he intends to bathe, is that the answers given to the bather have to be relevant to 
a future bathing event and therefore at least be predictive enough to be of some practical 
use. Also, if taken heed of, any advice / information given should be relevant enough to 
result in a decreased chance of infection following the bather’s in-water activities.
Unfortunately the essential question of public concern to be addressed is also the most 
difficult one to answer (Havelaar and Joffe 1997.) Is it safe to go in the water today? The 
inadequacy of the answer currently available is: Yes, because last year / month / week 
standards were met. This data is then usually presented to the public in simple, easily 
assimilated table form often bill-posted near the sampling point.
This is essentially the "Directive" model, based on the concept that past performance of the 
bathing sample point could be modelled using the reported results of water quality data 
gathered under the Bathing Water Directive (1976) in previous bathing seasons. This model 
is then used to predict forthcoming performance. Therefore, if sufficient previous seasons’
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data is known, together with a thorough knowledge of the significant inputs of contamina­
tion into the bathing sample point - showing consistent lack of exceedences - then providing 
the indicators used are adequate in predicting risk to the bather, this model may prove to be 
a useful guide to the bather in minimising risk to health.
Unfortunately in Europe the vast majority of bather sites have potentially complex biolog­
ical- chemical and hydrodynamic variables and inputs that have to be taken into account if 
there is to be any reasonable expectation in designing a system that provides some relevant 
predictive ability, and therefore, use to the bather (Godffee, 1997). These much more 
complex bathing sites have, it could be argued, to be treated individually, requiring a new 
site-specific model for just about every bathing beach throughout the European Union 
(Fleisher, 1992). This study has permitted the preliminary testing of a composited predic­
tive indicator survival table whose design is based on this and previous studies. This table 
will then enable multiple enviromental factors present throughout EU coastal areas to be 
considered together against a testable model.
An examination of these factors that most influence the survival of indicators and patho­
genic organisms in the marine environment leads to the expectation that the greatest likeli­
hood of pathogens infecting bathers, i.e. - when survival rates are highest - is exactly the 
same time in which a large number of bather such as surfers and windsurfers are likely to 
be at sea - e.g. very rough conditions with high winds and/or big seas. Inconveniently, this 
is also a time when it is generally not possible to take samples of a slick at sea. In this study, 
however, it was possible to get to sea in severe conditions and to take samples.
As part of the microbiological component of such a model it is reasoned that however many 
sites there are, and by whatever degree they may differ, there will be some essential char­
acteristics "common components", they will share if faecal contamination is present.
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The use of such a system raises the question - can the qualitative data be significantly 
improved without significantly disadvantaging the cost benefit ratios now existing? In other 
words can extra useful and valid bathing data - without predicted high expenditure - 
actually be given to the public that will allow them to make a better informed choice about 
bathing? It is as well to remember that this will be a year on year cost - that, it will be 
argued, may be more usefully spent on a single capital expenditure "end of pipe" solution. 
In environmental terms, the concept of "prevention" embodied in the EC’s first action 
programme (EEC, 1973:112) results in the same recommendation. The likelihood of "end 
of pipe" solutions for the Third World is less certain, however, since strategic planning of 
large capital sum projects involves considerable political risk for the government of the day. 
Therefore, the need for basic predictive data that has potential as a risk assessment tool is 
as pressing as ever.
The results of the plume mapping study were employed to develop a novel hazard/risk 
approach to bathing water quality assessment, utilising known environmental information 
to predict faecal contamination of recreational areas. This approach allows predictions to 
be made on impending pollution incidents, providing a real-time warning system to water 
users.
One of the main benefits of implementing a forecast system such as this would be the iden­
tification of predictable pollution hot-spots without the cost or time delays caused by wide­
spread use of microbiological testing - and without complex models that would have to 
demonstrate greater accuracy and precision than is currently the case - plus the ability to 
pass any cost/benefit analysis.
The logical first step for the model would be the design of a method whereby a short set of 
questions within the form of a table would enable the result to be adjusted to suit the sample 
point being assessed. This critical step - a "  precursor" - will allow the differentiation
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between hazard and risk to be made for widely varying sites whilst still applying the same 
test to the bathing area in question.
Benefits offered to the public will probably take the form of qualitative information i.e. 
'beach water quality will drop significantly tomorrow between 1100 and 1500 hours'.
Regression analysis identified a strong correlation between populations of the bacterial 
indicator group total coliform and E. coli. The relationship was observed within both 
wastewater discharges and at a range of polluted and unpolluted coastal sites, confirming 
the analogous nature of the organisms. This relationship questions the benefit of including 
both groups within monitoring strategies and future bathing water standards.
Present scientific evidence suggests that E. coli possess significant advantages over the total 
coliform group as indicators of wastewater pollution. This was confirmed during the study 
with E. coli being recovered beyond the limits the total coliform group within effluent 
plumes, and providing greater indicator sensivity at lower levels of pollution within coastal 
waters.
The study concludes that such spending provides no significant benefits in terms of public 
health protection or the assessment of bathing water quality beyond those supplied by E. 
coli analysis alone.
By removing the total coliform group from water quality standards cost savings can be 
made without affecting the effective use of the Directive and perhaps that money could be 
used for testing and development of the simple predictive model described in chapter 10.0.
The method currently recommended by the European Bathing Water Directive for the 
detection of enterovirus is filtration and cell plaque assay enumeration. While these tech-
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niques are well standardised they have been shown to have a number of drawbacks. These 
include the time taken to produce results, the costs incurred and the sensitivity of the tests 
themselves. This has resulted in a number of Member States not fully implementing the 
enterovirus standard into national legislation and regional variations in testing procedures. 
In the UK for example the regulating authority measure the presence of enterovirus only if 
bacterial tests show a previous deterioration in water quality. As such there is a need to 
develop faster, cheaper and more accurate detection techniques that can be widely applied 
throughout the Community.
The main purpose of the study was the determination of potential indicators of enterovirus 
both within wastewater treatment works and recreational waters.
Results did highlight some correlations between the study organisms and enterovirus, 
however, all the indicator groups displayed significant shortcomings, which could harm 
their recommendation as markers of virus pathogens in future bathing water quality 
standards.
These shortcomings are summarised in Table 16 which compares the ideal virus indicator 
criteria with the characteristics exhibited by the different indicator groups during the 
research.
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Table 16: Summary of the ability of study organisms to meet virus indicator criteria
Criteria Total
Coliform
E. coli F.
streptococci
Somatic
coliphage
F+ Phage SS Phage
1 Yes Yes Yes Yes No No
2 Yes Yes Yes Yes No No
3 No No No No No No
4 No No No No No No
5 ? ? ? ? ? ?
6 Yes Yes Yes Yes Yes Yes
7 Yes Yes Yes Yes Yes Yes
Indicator Criteria
1. Consistently present as part of the intestinal microflora and within wastewater effluent
2. Present in greater numbers than the enterovirus they are intended to indicate
3. Their absence implies the absence of any enterovirus
4. Their density is related to the probability of the presence of enterovirus
5. Greater resistance to environmental stress than enterovirus
6. Non-pathogenic
7. Absent or in low concentrations within unpolluted coastal waters
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Especially significant was the lack of any strong correlation between the six indicator 
groups and enterovirus within wastewater discharges.
The lack of any relationship would appear to be based on the different factors that govern 
the concentration of bacteria, bacteriophage and enterovirus entering and leaving waste­
water treatment works.
The presence of enterovirus within discharges will relate directly to the level of endemic 
disease within the population, and the rate at which virus particles are excreted by infected 
individuals. Both of these factors ensure that the concentration of enterovirus entering 
treatment works remains highly variable and hard to predict. This is demonstrated by the 
difference in the seasonal variation in enterovirus leaving the works at Bognor Regis and 
Littlehampton.
In contrast, the level of indicator bacteria and bacteriophage entering treatment works will 
correspond to the amount of faecal material entering the sewerage system and not neces­
sarily the prevelance of infectious disease within the population. Importantly, while 
changes in gut climate will affect the number of non-pathogenic organisms shed they do not 
necessarily influence the rate at which viral pathogens are excreted.
Other variables to be considered include the size and socio-economic status of the urban 
population, differential survival rates of the microorganisms and the efficiency of the 
treatment systems in removing indicator and pathogen populations.
The difficulties associated with detecting significant numbers of enterovirus in receiving 
waters has been of concern, both during this, and other, studies (NRA, 1996). However 
their presence in temperate coastal waters remains widely accepted (Wyer et al, 1995).
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An inspection of the dilution factors calculated during the study would suggest that 
enterovirus should have been detected at the point of discharge at levels of greater than or 
equal to 1 pfu per 10 litre, on 45 % of sampling trips. Instead enterovirus were isolated 
from receiving waters on just four occasions.
The reason for this low detection rate is not easily explained. Previous research (Wyer et 
al, 1994) has highlighted the resistance of enterovirus to the effects of sea water and those 
environmental factors responsible for microbial inactivation. Despite this none were 
isolated using current enumeration techniques further than 200m from the point of 
discharge.
Further, in a one year study preceeding this investigation using similar techniques (cell 
plaque assay) within the same discharged plumes of Littlehampton and Bognor, the virus 
detection rate was over 50% - broadly in line with expected sampling results.
Two other important conclusions can be drawn on the detection of enterovirus within 
coastal waters. First, enterovirus were only isolated on occasions when water quality 
exceeded current imperative standards, and second, the likelihood of isolating enterovirus 
from coastal waters was shown not to relate to the concentration within discharges them­
selves.
Regression analysis results summarised in chapter 8.3 provide evidence of a close relation­
ship between indicator groups both within effluent discharges and polluted coastal waters.
The strongest and most consistent relationship occurred between the bacterial group total 
coliforms and E. coli. Both groups appear within effluent discharges and coastal waters in 
a constant ratio and show a similar resistance to the effects of treatment systems and the 
marine environment.
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One of the main aims of the project was the determination of any relationship between the 
bacteriophage and bacterial groups. The purpose was not to verify any predator/host rela­
tionship but to identify bacteriophage as a possible alternative group of faecal indicators.
It is already widely accepted that the presence of indicator bacteria in an aquatic medium 
denotes general pollution. This assessment was undertaken to establish whether bacterio­
phage groups could fulfil a similar role. The relationship between the groups was found to 
be weak. Those correlations identified were thought to be sample point specific and 
unlikely to be widely reproducible. The reasons for this can be found in the discussion of 
Table 17. The suitability of the three phage groups as indicators of wastewater pollution 
was assessed against the key criteria listed in this chapter.
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Table. 17: Summary of the suitability of bacteriophage to act as indicators of 
wastewater pollution
Criteria* Somatic coliphage F+ Phage SS Phage
1 Yes No No
2 Yes Yes Yes
3 Yes Yes Yes
4 No No No
5 No No No
6 No No No
Indicator Criteria
1. Consistently present as part of the intestinal microflora and within wastewater effluent
2. Absent or found in low concentrations in unpolluted coastal waters
3. Non-pathogenic
4. The organism should be detectable by means of easy, rapid and in expensive methods of 
isolation.
5. Their density is related to the probability of the presence of enterovirus
6. Ideally, their concentration should closely correlate to the potential health hazard 
resulting from recreational water use (Cabelli, 1976) .
142
Of the three groups, somatic coliphage were detected in the highest concentration within 
wastewater discharges, but their numbers were rapidly reduced within coastal waters, thus 
confounding their usefulness as markers of faecal contamination within this environment.
These low recovery rates for somatic coliphage contrast with a number studies (Borrego et 
al, 1987; Berry and Norton, 1975; Comax et al, 1991) which have suggested that bacterio­
phage are much more resistant to inactivation than coliforms. Although this may be tme under 
laboratory conditions this does not appear to be the case in the temperate and frequently turbid 
waters of the English Channel.
A significant observation made during the study was that an absence of the three phage groups 
from coastal waters did not necessarily indicate an absence of gross wastewater pollution, as 
determined by the presence of high concentrations of sewage debris or bacterial indicators.
F-specific RNA phage and somatic Salmonella phage were only occasionally detected within 
the treatment works and frequently absent in samples containing enterovirus. This result is 
constant with random freshwater and marine sampling carried out 100 miles along the coast 
at Ramsgate, which also concluded that these bacteriophages would not meet the requirements 
of an optimal indicator of water quality (Morinigo et al, 1991; Ferguson et al, 1996).
Evidence from this and previous work suggests that only somatic coliphage may have a future 
role in the assessment of bathing water quality. This study would however question the 
adoption of an alternative phage standard for enterovims. In addition it would appear that the 
use of Europe wide bacteriophage standard would not provide any significant benefit in terms 
of improving risk management or public health protection. Further epidemiological studies 
are encouraged to confirm this.
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Results of this survey have shown that the effects of the outfall can be measured at consider­
able distance from the point of discharge. The data collected have demonstrated the viability 
of tracking an effluent plume, and that the track and rate of dilution changes under different 
tidal and meteorological conditions. Such information is of considerable significance to 
beach managers and others involved in the safe usage of recreational facilities.
Data on the concentration of microorganisms within effluent plumes showed that coastal dis­
persion processes dominantly controlled the reduction in the bacterial and bacteriophage 
numbers in the offshore waters.
Ten fold dilution times varied depending on the sample point and the type of micro-organisms 
investigated. However it was possible to determine a statistically valid correlation between 
time after release and the concentration of the bacterial indicators.
The dilution process at Bognor Regis and Littlehampton was complicated by the nature of the 
tide, with flood and ebb flows following a broadly cyclic pattern. This occasionally resulted 
in the diluted effluent slick re-crossing the outfall in the vicinity of the diffusers, with the 
effect of increasing the numbers of micro-organisms in the plume.
The data collected as part of this project have demonstrated that Arun’s bathing beaches are 
most at risk from effluent discharged from long sea outfalls at Bognor Regis and 
Littlehampton following a release during the flood tide, particularly during periods where 
there are strong or sustained onshore winds. No consistent chemical / microbiological rela­
tionships were identified during the study, making it difficult to quantify the effect of indi­
vidual factors on the rate of recovery.
The following additional conclusions can be drawn from the analysis of environmental 
parameters at sea.
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The most variable parameter was turbidity, although the value of this as a tracer is not in ret­
rospect easy to assess, due to the variabilty in the sampling of appropriate background levels, 
as the concentration at the background samplepoint appeared to have little correlation with 
the values measured at the sampling stations.
The variability in the observed values is most likely to have been due to natural variability in 
the turbidity across the area rather than the direct influence of the outfall. This is particular­
ly relevant at the Littlehampton outfall where the design of the outfall ensures relatively high 
initial dilutions. High initial dilutions tend to reduce the effect of any differences in the 
magnitude of specific parameters between the raw effluent discharged from the diffusers and 
the ambient seawater. It must be added that the protocol for sampling of background waters 
did not specify with sufficient rigour the appropriate method which would have involved the 
sampling of background waters as near adjacent as possible to the slick.
A clear correlation was apparent on a number of occasions between ORP and the sampling 
station. This was shown by a progressive change in the percentage difference plot. The ORP 
value tended to be lower in the effluent plume than in the background sample, although this 
trend was reversed on at least one occasion, with lower values measured at the background 
samplepoint
The only other parameter that had any form of progressive change between successive 
sampling stations was seawater temperature. The trend was not always apparent, and was 
dependent on the initial temperature difference between the effluent and the ambient seawater.
The remaining physical and chemical parameters showed no clear correlation between the 
values measured and the sampling stations.
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This study demonstrated that by summarising the main environmental factors which influence 
the risk of effluent discharges impacting on amenity areas. Chapter 10.0, it is possible to 
implement a system to forecast the risk to bathers.
The approach proposed by this study is to construct a simple empirically based model which 
makes great use of available field data. Algorithms were developed to allow for specific 
adjustments to be made for factors such as Water Temperature, and can be applied automati­
cally. Such modelling techniques have been applied in other specialised fields including oil 
spill monitoring and search and rescue operations, but have until now not been used to reduce 
bather risk.
The role of such a predictive pollution index could be extended to enable dischargers to alter 
their practises in order to minimise the impact of potential pollutants. Prevention strategies 
could involve reducing discharges during periods when tides and currents direct pollution 
towards popular recreational areas or conditions.
146
12.0: CONCLUSIONS
• Enterovirus populations are not significantly correlated to the presence of either classic 
bacterial indicators or bacteriophage in wastewater effluent sampled in treatment works.
• Since F-specific RNA phage and somatic Salmonella phage are only occasionally 
detected in wastewater discharges they are unsuitable as indicators of faecal contamina­
tion. This work has shown that several factors make the use of bacteriophage as indica­
tors unsatisfactory. The ecology of the group, and in particular their random occurrence 
and survival within effluent discharges and polluted waters contribute strongly to this 
conclusion. While journals present conflicting evidence on the role of bacteriophage as 
markers of faecal pollution and enteric-virus no significant correlation was established 
during this study to justify their recommendation within future bathing water quality 
standards The study has therefore confirmed that it is wrong to assume a quantitative 
relationship between enterovirus and indicator groups based solely on their common 
source. Relationships between the six indicators and enterovirus were shown not to be 
strong and their use in the prediction of virus concentrations limited. Few conclusions 
can be drawn on ability of bacteria and phage groups to act as markers for enterovirus 
within coastal waters due to low detection rates for enterovirus.
• The discharge of wastewater to the marine environment results in a more rapid reduction 
in the concentration of bacteriophage in relation to that of faecal streptococci or coliform 
bacteria.
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E. coli and total coliform bacteria are significantly correlated in both wastewater and 
coastal environments. The analogous nature of the two groups raises questions as to the 
value of using both within monitoring strategies and future bathing water standards. The 
study concludes that such spending provides no significant benefits in terms of public 
health protection or the assessment of bathing water quality beyond those supplied by E. 
coli analysis alone.
Predictive forecasts of impending pollution incidents can be determined through the 
application of a simple to use two-part model that is both adjustable for type of 
indicator/pathogen and sample point i.e. beach specific. The impact of three factors 
time, received sunlight and water temperature, which have been shown to regulate 
survival times under laboratory conditions are, in conjunction with a practical under­
standing of local hydrodynamics, sufficient to enable the design of a simple, useful pre­
dictive model. Only these factors affect risk, i.e. concentration of pathogen at point of 
contact with bather. All other factors affecting the fate of indicators following discharge 
can be assigned to the hazard category, i.e. The heading and volume of the slick. This 
will be an important consideration in development of predictive models and emphasises 
the need for sample point specific assessments and built in adjustment tables for different 
coastal regions.
The status of indicators in the development of models requires modification. If, in 
addition to their use in an updated Directive, they are used as a tool in the production of 
valuable risk/hazard assesment rather than just a final outcome, then the development of 
a system will be acheived that actually protects the members of the public that are at risk 
from pathogens discharged into the marine environment.
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• This design provides a practical compromise between the, as yet, imrealisable hopes of 
a priori modellers and the limitations of the current Directive.
• The use of GPS/drogue-tracking system provides an adequate system for tracking the 
movement of effluent plumes and the effect of their discharges. The advantages of 
excellent cost-benefit ratios and site specific knowledge gained make the use of these 
devices essential in the development of any predictive model.
12.1: Recommendations for further study
In order to verify the predictive model's universality it will be necessary to test it on a real­
time basis at a range of venues throughout the EC. This would involve a similar sampling 
methodology to the one used in this investigation, but this time only one indicator will need 
to be examined, E. coli being the most likely candidate.
There is a need to further develop a practical determination of 'received sunlight' as it 
applies to the recoverable amount of the chosen indicator. Multi-venue analyses will 
greatly aid in this process due to the variation in turbidity levels from the low values of the 
Mediterranean to the higher values of the Atlantic seaboard and their concurrent sunlight 
values.
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Plate I:
Drogue used to track discharge plumes at sea
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Plate II: Boat used to track discharge plumes at sea
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